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SUMMARY 
The in ten t of th is study was to invest igate the typewri ter as 
a f l u i d i c system to determine i t s degree of f e a s i b i l i t y , to optimize 
i t s performance according to an established c r i t e r i on of success and 
to demonstrate a representative method of attack in designing such a 
system. 
In th is thes is , f l u i d i c devices were u t i l i z e d to perform a l l of 
the essent ial functions of a typewri ter which incorporated impact 
p r i n t i ng and mechanical d i g i t a l actuators fo r type select ion using a 
s ingle type ca r r ie r . The analysis was carr ied out by breaking the 
overal l typewri ter system in to subsystems and considering each sub-
system in re la t ion to the overal l system design c r i t e r i a of minimum 
power consumption and maximum typing speed. The subsystems considered 
were (1) the keyboard and f l u i d i c i n te r face , (2) the character select ion 
encoder, (3) the sequence con t ro l , (4) the type head posi t ion ing mecha-
nism, (5) the p r in t ing mechanism, (6) the carriage and (7) a power 
supply consist ing of a compressor and accumulator. 
Each of the subsystems was modeled e i ther mathematically or wi th 
a l te rna t ive designs and the subsystem configurations which best s a t i s -
f ied the overal l design c r i t e r i a were establ ished. These preferred con-
f igurat ions were then incorporated in to a computer design program so 
that numerical values of the essential parameters could be chosen and 
the e f fec t of var iat ions in these parameters could be determined. 
F i n a l l y , a demonstration model incorporat ing the f l u i d i c por-
t ions of the design and basic mechanical features was constructed and 
tested. The study concludes that a f l u i d i c typewri ter with the fea-
tures mentioned above is feasible at typing rates up to approximately 
30 characters per second with power consumption on the order of one-
t h i r d horsepower. Actuator s i ze , power consumption and f l u i d i c time 
delays become l i m i t i n g factors at about th is speed. A maximum of 110 
f l u i d ampl i f iers would be required fo r a complete machine having 
stat ionary keys, and these ampl i f iers would be of more or less conven-
t iona l design. The size of the ampl i f i e rs , actuators, compressor and 
other components would be such as to allow a commercially competitive 
design from the size and weight standpoint. The use of the diaphragm 
instead of Coanda ampl i f iers can reduce the power consumption of the 
actuator drives by an order of magnitude or more, and they are essen-
t i a l to the design. 
The work related to th is thesis was not intended to produce a 
commercial device, but was intended to probe in a quant i ta t ive fashion 
the f e a s i b i l i t y of such a development. 
GLOSSARY OF ABBREVIATIONS 
a Y2w 
a length 
b blade width of compressor 
c speed of sound 
d width of power j e t nozzle 
e base of Maperian logarithms 
f f { • ) , function defined by context 
g acceleration due to gravi ty 
h height of power j e t nozzle 
i subscr ipt 
i current analog 
j subscript 
k equivalent spring constant 
1 length 
n integer exponent 
n number of ampl i f iers 
n number of compressor blades 
p pressure 
q f low, volume/time 
r pneumatic resistance 
r radi us 
s Laplace transform complex frequency 
t time 
.- veloc i ty at nozzle throat 
w energy per cycle 
W minimum value of w 
X piston displacement 
y motion coordinate 
z motion coordinate 
A piston area 
Au compressor displacement area 
B W ( T -1)/TTR2 
C flow coef f i c ien t 
CA accumulator analog capacitance 
u % T / A 
E equivalent pressure head, feet 
F i m p l i c i t funct ion 
F log ica l variable 
G i m p l i c i t function 
P pressure gain, P0/Pc 
r; imp l ic i t function 
[ moment of i n e r t i a 
I current analog 
X parameter, Equation (23) 
KE k ine t i c energy required to p r i n t 
M log ica l variable 
M m/T3 
•; log ica l variable 
x iv 
N Mach number 
Pc control pressure 
Pc compressor source pressure 
P0 output pressure 
Ps supply pressure 
P^ throat pressure 
Q parameter, Equation (22) 
Qc control f low, volume/time 
Qs supp ly f l o w , vo lume/ t ime 
* q m /m/A 
R gas cons tan t (53 .3 ) 
R flow resistance 
Re Reynolds number 
RQ diaphragm ampl i f ie r ridge resistance 
S ro ta t iona l speed, rev/min 
Sfj spec i f i c speed 
T time for actuator forward stroke 
T time for actuator to ta l motion 
Ts power j e t supply temperature 
U volumetric f l o w , f tVsec 
V m[x(T)]V 
Vrj compressor volume displacement 
W Pm^T 
Y pm A/ / k 
\ 
XV 
ex. b i t designation 
0 key designation < 
**/ spec i f i c weight 
6 damping r a t i o , Equation (94) 
e N/IKE 
1J parameter, Equation (56) 
r[ ampl i f ie r aspect r a t i o , h/d 
e angle 
A rA2/m 
0̂ funct ion of t ime, Equation (154) 
£ ridge posi t ion parameter 
TT 3.14159... 
f f l u i d density 
<T pressure recovery, PQ/PS 
T T r /T 
<t> ay 
ix> v'kTm 
/̂ angle, Equation (91) 
Subscripts: Alphabetic subscripts on these symbols are defined from 
context. Single numerical subscripts ( e . g . , w-j) re fer to subsystem 
numbers in Figure 3. Double numerical subscripts denote quant i t ies 




The so lut ion of engineering problems has generally been 
achieved by s ta t ing the problem as accurately as possible based on 
given in format ion, and then choosing a solut ion from among the body 
of s c i e n t i f i c and engineering facts avai lab le. The select ion of an 
optimum solut ion has seldom been an ob jec t i ve , and optimum solut ions 
were generally achieved by evolut ion rather than formal means. On the 
whole, th is approach has been very successful. However, the rapidly 
expanding fund of knowledge in science and technology has, in recent 
years, made avai lable more and more solut ions to a given problem. 
This expansion has also provided means to solve problems which were 
previously too complex to consider. This trend in science and 
engineering has lead to the development of an approach which is known 
as systems analys is , complex system design, and s imi la r terms. 
The basic idea of such an approach to a problem is f i r s t to 
state the objectives which the system is to achieve and to place some 
re la t i ve value on these object ives. Then possible solut ions are pro-
posed, and these solut ions are expressed in terms of models which may 
be phys ica l , mathematical or organizat ional . Next the external factors 
which inf luence the performance of the system in obtaining i t s objec-
t ives are met. The various parameters inherent in the models may be 
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adjusted to improve the i r performance u n t i l the best system is 
achieved as determined by the established objectives or performance 
c r i t e r i a . 
This rather general approach takes many forms as i t is 
applied in d i f f e ren t s i tua t ions . Closed loop automatic control incor-
porates the essential features in a very well developed body of mathe-
matical and physical knowledge. More recent ly , optimal control theory 
has provided concepts with broad appl icat ion of more general nature. 
The systems approach is also being u t i l i z e d in the evaluation of manu-
factur ing f a c i l i t i e s and business systems, in the modeling of economic 
systems, and in the evaluation of environmental, t ransportat ion and 
weaponry systems. 
I t is the in ten t in th is invest igat ion to u t i l i z e the basic 
ideas of systems analysis described above as they apply in a spec i f i c 
design s i t u a t i o n , that of designing a f l u i d i c typewr i ter . Before 
going in to more de ta i l as to how th is w i l l be accomplished, some 
prel iminary remarks on f l u i d i c s are in order. 
F lu id ics 
In the period since 1960, a number of devices have been 
developed which provide l o g i c a l , con t ro l , sensing, and ampl i f i ca t ion 
functions using gases or l iqu ids as the working medium. The term 
f l u i d i c is generally used to denote devices or systems which have no 
moving parts and accomplish the i r funct ion through momentum i n t e r -
action and other f l u i d flow phenomena. An exception to th i s d e f i n i -
t i on which is c losely re lated and of in te res t in th is invest igat ion 
i s the diaphragm amp l i f i e r , and i t w i l l be described subsequently. 
The most prominent f l u i d i c devices of i n te res t here are those 
employing the Coanda e f fec t described by Henri Coanda[9]*. The wall 
attachment (Coanda) e f fec t is described by Warren [30] and numerous 
others. The Coanda e f fec t is u t i l i z e d in several devices providing 
log ica l functions [15 ] , Since i t is wel l known that a l l log ica l 
functions can be accomplished with combinations of NOR elements [ 2 0 ] , 
a f l u i d i c NOR element is described as shown in Figure 1 [ 6 ] , The 
power j e t f l u i d is applied at P. The wal l (a) and cavity (b) r e s t r i c t 
and al low, respect ive ly , entrainment such that the flow is out of the 
NOR output i f there is control input at nei ther CI nor C2. I f there 
is control flow at CI or C2, i t is introduced in to the separation 
bubble so that the power stream switches to the OR output po r t . I t 
is also possible to replace the cavity (b) with a wal l s im i la r to (a ) . 
With control ports on each s ide , the element becomes b is table and can 
be used as a memory element. 
When the device controls power from a separate source, as the 
NOR gate described above, i t is termed an act ive element. There are 
also passive f l u i d i c devices, such as the AND gate in Figure 1 , which 
operate on the signal f l u i d alone [15 ] . I f e i ther input A or B is 
present alone, there is no output from the AND por t . I f both A and B 
are present, the momentum of each in teracts to d i rec t the stream out 
the AND por t . 
*Numbers in brackets re fer to the a r t i c les in the Bibl iography. 
• 
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Ridge Restr ic tor 
Diaphragm 
Supply 
Turbulence Ampl i f ier Diaphragm Element 
Figure 1. Conceptual F lu id ic Elements 
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The turbulence ampl i f ie r shown in Figure 1 operates on the 
pr inc ip le of pressure recovery of a laminar j e t [ 5 ] , Flow to one 
or more of the input ports causes t rans i t i on to turbulent flow and 
a reduction in output pressure. Log ica l l y , the device corresponds 
to a NOR gate. 
The diaphragm element, also shown in Figure 1 , is a device 
which incorporates a moving part in the sense that the diaphragm 
stretches and moves away from the r idge. However, i t is capable 
of very fas t response and has the in te res t ing feature of consuming 
no power when cut o f f . The diaphragm element can be used as a NOR 
gate or an amp l i f i e r , as described by Jensen, et. a l . [ 16 ] . I t con-
s is ts of a cavi ty intercepted by a ridge and covered with a d ia -
phragm of th in p las t i c f i l m . Above the diaphragm is a control cav i ty . 
The var ia t ion of pressure in the control cavi ty varies the flow area 
between the ridge and the diaphragm, providing a change in output f low. 
The in ten t of th is invest igat ion is to consider the app l i cab i l -
i t y of these and related f l u i d i c devices to the typewri ter . Before 
proceeding, i t is of in te res t to look at the typewri ter from the 
h i s t o r i c a l viewpoint. 
H is to r ica l Background on Fluid Actuated Typewriters 
The machine that today is known as the typewri ter had i t s 
beginning in 1714 when an English engineer, Henry M i l l , was granted 
a patent [ 8 ] , The typewri ter appeared in America in 1829 when 
Wil l iam A Burt patented his typographer. The f i r s t pract ica l commer-
c ia l device was developed by Christopher L. Shoales in 1867 and was 
6 
cal led the typewri ter from then on. The use of f l u ids as a working 
medium appeared in 1894 in a patent by Wil l iam Raab [ 1 ] , This machine 
had bulbs fo r keys, each connected to a tube with a bulb on the 
opposite end. Compressing the "key" propelled a s tenc i l onto the 
paper. Carl Weiss patented in 1895 [ 2 ] , a typewri ter with a c y l i n -
d r i c a l , ro ta t ing type car r ie r which was motor dr iven. The keys 
appear to be s im i la r to Raab's and operated an escapement device to 
select the character. Beginning in 1901, Max Soblik patented several 
typewriters which made use of a source of compressed a i r , had 
c y l i n d r i c a l , ro ta t ing type carr iers and means to actuate the type 
through a i r cyl inders actuated by the keys [ 3 ] . 
None of these machines had any f l u i d ampl i f icat ion character-
i s t i c s in the sense of present day f l u i d i c devices. Not u n t i l 1967, 
did a typewr i ter incorporat ing a f l u i d i c ampl i f ie r appear in the patent 
l i t e r a t u r e [ 4 ] , This machine seems to incorporate many of Sobl ik 's 
ideas, but adds the feature having keys which are valves and actuate 
the control ports of f l u i d i c amp l i f i e rs ; in th is case, one-shot 
mu l t i v ib ra to rs . This par t i cu la r typewri ter u t i l i z e s f l u i d i c ampli-
f i e r s only fo r the purpose of actuating a stop to cause a character 
to be pr inted from a c y l i n d r i c a l , ro ta t ing type wheel, the rest of 
the mechanisms being en t i re l y mechanical. A single-stage f l u i d 
ampl i f ie r is connected to each key to provide th is funct ion. 
Objectives of th i s Invest igat ion 
I t is apparent that the log ica l and ampl i f icat ion capab i l i t i es 
of f l u i d i c devices could be applied to the typewr i ter , as wel l as to 
other business machines which have s im i la r operations requi r ing 
human-mechanical i n te r fac ing . I t i s also apparent that the 
typewri ter is a f a i r l y complex device and that a general systems 
analysis approach to the problem would be he lp fu l . I t i s , there-
fo re , the in ten t of th is study to invest igate the typewri ter as a 
f l u i d i c system to determine i t s degree of f e a s i b i l i t y , to optimize 
performance according to an established c r i t e r i on of success and to 






In order to consider the app l i cab i l i t y of f l u i d i c s to the 
typewr i te r , i t is f i r s t necessary to state the functions which a 
typewri ter performs. The study w i l l be l im i ted to impact p r i n t i n g , 
and no attempt to develop novel methods of p r i n t i ng w i l l be made. 
The most basic typewri ter function i s , of course, to dr ive 
a type-face against the output medium (paper, s t e n c i l , mat, e tc . ) 
when a key is depressed. In order to p r i n t more than one character, 
the p r i n t i ng point must move. This requires tha t e i the r the paper 
or the type-face must move a f te r p r i n t i n g . The carriage motion thus 
forms the second important funct ion. To p r i n t more than one l i n e , 
the output medium must be advanced, requi r ing a t h i r d funct ion. Also 
the typing point must be returned to the beginning of the l i n e , 
necessi tat ing a carriage return funct ion. The typewr i ter (and the 
s im i la r te le - typewr i te r ) has a m u l t i p l i c i t y of keys and corresponding 
type-faces. The o f f i ce typewri ter generally has 44 keys wi th both 
upper and lower case, and the te le - typewr i te r generally has a s l i g h t l y 
fewer number of characters. A basic funct ion of the typewr i te r , then, 
is to select the proper character when the key or keys are depressed. 
To p r i n t a blank, the space bar, is also necessary. 
There are numerous other functions or features of the typewr i ter . 
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Impact p r i n t i ng typewriters usually employ ribbon as a means of ink 
supply. The ribbon advance and posi t ion ing is another funct ion . Some 
typewriters also provide fo r mul t ico lor p r i n t i ng wi th the ribbon 
mechanism. I t is also usual to provide variable margin stops and means 
to posi t ion these, as well as intermediate stops to assist in tabu-
la t ion and mechanisms fo r se t t ing these stops. These are other 
necessary funct ional parts of the typewr i ter . 
In both "manual" typewriters (powered en t i r e l y by the operator) 
and " e l e c t r i c " typewriters (having addi t ional sources of energy) many 
of the functions are performed by complex mechanical linkages wi th 
t he i r various in ter locks and sequencing features, some of which might 
advantageously be replaced by f l u i d i c s , and some might j u s t as well 
remain mechanical. The f i r s t task of th is study is to consider the 
more basic and complex of the typewri ter functions in the l i g h t of 
the capab i l i t i es of f l u i d i c s , to determine which functions can be 
accomplished wi th f l u i d i c s , and to ar r ive at a general system model. 
Overall Model Guidelines 
The Coanda or wall attachment e f fec t provides f l u i d i c devices 
which are essent ia l ly d i g i t a l . That i s , the i r outputs are e i ther on 
or o f f , in one state or another, rather than varying smoothly from one 
state to another. The diaphragm devices mentioned previously may also 
have th is switching charac te r i s t i c . One of the basic functions l i s t e d 
previously was the select ion of the character to be typed when the 
corresponding key is depressed. A means of providing th is funct ion 
f l u i d i c a l l y would be to code the characters numerically and have each 
]u 
key generate a number to select the character. The d i g i t a l nature of 
the f l u i d i c devices is wel l adapted to th is funct ion. 
In conjunction with th is character se lec t ion , there are several 
possible mechanical means of conveying the type-face i t s e l f to the 
paper. The fami l i a r type-bar machines (both manual and e l e c t r i c ) have 
each key connected mechanically and ind iv idua l l y to a bar carrying the 
type-face. Such an arrangement requires, at most, power ampl i f icat ion 
between the key and the type bar. While f l u i d i c elements can provide 
t h i s , such an arrangement would not take f u l l advantage of f l u i d i c 
capab i l i t i es . The scheme employing a type car r ie r or head with a l l the 
type-faces on th is single member, which is posit ioned in various ways 
with respect to the p r i n t posi t ion to select the character, is another 
p o s s i b i l i t y . The type car r ie r may be planar, c y l i n d r i c a l , spher ica l , 
e t c . , in shape, with motion commensurate wi th the shape. Also, the 
p r i n t i ng motion may be provided in various ways. Such devices are 
actual ly older than the type-bar arrangement. For instance, the type 
ca r r ie r may be cy l i nd r i ca l or spherical with a rotary and/or axial 
motion for type se lec t ion . Pr in t ing can be accomplished by moving the 
type ca r r i e r i t s e l f to the paper, e i ther by dr iv ing i t s support fo r -
ward or by s t r i k i n g a f l oa t i ng ca r r ie r wi th a "hammer". I t is also 
possible to have the faces propelled ind iv idua l l y to the paper. These, 
along with carr iers having two-axis planar motion have a l l been used 
in various machines for many years. This s ingle type car r ie r arrange-
ment is best adapted to the f l u i d i c coding discussed above. 
Therefore, in th is study the single-type car r ie r of cy l i nd r i ca l 
or spherical shape w i l l be considered. Character select ion w i l l be 
accomplished with pneumatic d i g i t a l actuators of the mul t ip is ton type 
to be described l a t e r , the motion of the actuators being determined by 
a numerical code generated f l u i d i c a l l y from a standard keyboard arrange-
ment. I t is f e l t that th is w i l l make maximum use of the f l u i d i c devices 
and demonstrate the i r e f fec t on the system most completely. 
I t is apparent from the previous discussion that there are 
several basic functions of the typewr i ter , and they are considered here 
to be the input or key func t ion , the type select ion func t ion , the 
p r i n t i n g func t ion , the carriage motion func t ion , and in the case of 
powered machines, an energy source funct ion. The proper sequential 
operation of these functions is usually carr ied out on manual or 
e l e c t r i c typewriters by arrangements of l inkages, c lutches, stops and 
escapements which tend to be qui te complex. Due to the d i g i t a l or 
log ica l character of Coanda f l u i d i c devices these sequencing operations 
can be carr ied out , in large measure, without moving par ts . Therefore, 
a f l u i d i c control or sequencing function also is basic to the type-
w r i t e r ' s overal l system. 
These w i l l be considered the basic functions and w i l l be dealt 
wi th extensively. The other funct ions; such as advancing of the 
paper, ribbon pos i t ion ing , margin s e t t i n g , tabu la t ion , e t c . ; are much 
less complex and w i l l not be considered in th is analysis. 
General System Model 
In keeping with the desire to make a systematic ana lys is , the 
remarks concerning the basic functions of the typewri ter can be 
summarized and formalized in a model or funct ional block diagram, 
' 
such as Figure 2. Each of the functions can be t ranslated in to a 
block containing hardware, whose form is ye t to be speci f ied in 
d e t a i l , and whose in teract ion wi th other blocks can be determined. 
The general features of the typewri ter are thus displayed beginning 
wi th mechanical inputs from an operator and some source of pneumatic 
power, such as a compressor. These inputs are converted to pneu-
matic signals to act ivate the f l u i d i c functions of con t ro l , character 
select ion and pos i t i on ing , and p r i n t i n g , which are then reconverted 
to mechanical motions to provide the output of characters pr in ted on 
the paper. I t is in th is context of considering the f l u i d i c type-
w r i t e r as a mechanical-fluidic-mechanical conversion device consist ing 
of funct ional subsystems that the present analysis may have more 
general appl icat ion to other s im i la r systems. Some general guidelines 
as to the hardware corresponding to the functions have already been 
given in the previous sect ion. Further de f i n i t i on w i l l be delayed 
pending a discussion of measures of success for the design achieved. 
Ltesign C r i t e r i a 
In order to invest igate the degree of app l i cab i l i t y of f l u i d i c s 
to the typewr i ter , and in some measure to other s im i la r machines, i t 
is f i r s t necessary to define a c r i t e r i on of success so that a l terna-
t ives may be weighed in proper perspective. There are a number of 
f a i r l y obvious c r i t e r i a which can be used to judge a typewri ter design; 
cost (both i n i t i a l and operat ing) , p r i n t q u a l i t y , speed capab i l i t y , 


















'techanical —*- Flu id ic Mechanical 
Figure 2. General System Model 
For instance, f i r s t cost as a c r i t e r i o n has only l im i ted s i g n i -
ficance outside of a wel l -def ined manufacturing environment where 
labor, material and overhead costs are precisely known. However, i t 
is possible in th is problem to estimate the cost of the components o f 
the f l u i d i c typewri ter which are pecul iar to i t and to estimate the i r 
possible s igni f icance in terms of the se l l i ng pr ice of a competitive 
typewr i ter . That i s , i f the cost of such f l u i d i c elements is 10 per 
cent of the s e l l i n g p r i ce , the design is much bet ter than i f i t is 90 
per cent of that pr ice . 
Operating cost as a c r i t e r i a is easier to compute and to 
u t i l i z e as a design c r i t e r i o n . In terms of power required (which 
costs, say 1.5<£/kwh), a typewri ter drawing one k i lowat t would cost 
about $30 per year to operate. There is another way in which power 
may be used as a c r i t e r i o n . I f the device requires more than 15 
amperes at 115v, then i t cannot be plugged in to a normal o f f i ce or 
household o u t l e t , since 15 amps is the design current for most such 
c i r c u i t s , thus, 1725 watts is something of a break point in power 
consumption and may serve as a constraint at some point in the design. 
Furthermore, power consumption has impl icat ions wi th regard to the 
c r i t e r i a of noise, speed and weight which may not be as readi ly formu-
la ted , but are nonetheless r e a l . 
P r in t qua l i t y is cer ta in ly an important c r i t e r i o n fo r measuring 
performance. Many factors inf luence p r i n t qua l i t y (which includes 
l e g i b i l i t y , uni formity of densi ty, spacing, type design, ribbon design, 
e t c . ) and most of these are considered outside the scope of th is thes is . 
According to Greenblott [ 1 3 ] , sa t is fac tory p r i n t i ng w i l l be achieved i f 
1£ 
the p r i n t i ng element (and i t s associated st ructure) s t r i kes the 
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paper with a k ine t i c energy of 10 ergs. This w i l l be taken in 
th is thesis as a f i rm design c r i t e r i on or constraint where i t appl ies. 
Speed capabi l i ty as expressed in number of characters pr inted 
per second is another va l id way to judge a design. Typists in general 
may type at rates of 60 words per minute or f i ve characters per second. 
The maximum is about ten per second for human operators. Likewise, 
computer terminals , te letypewri ters and the l i k e , operate at about 
10 - 15 characters per second. So a f l u i d i c typewr i ter , to be feas ib le , 
must approach these speeds and exceed them i f possib le, depending on 
whether other c r i t e r i a are met or not. 
For o f f i ce and business use, the noise level of the typewr i ter 
is cer ta in ly a fac tor . However, the predict ion of noise level fo r an 
i n i t i a l design is not very pract icable. Nevertheless, noise may be 
one of the more c r i t i c a l problems in a f l u i d i c typewr i ter , since a l l 
Coanda type elements are vented and there w i l l be a i r exhausting from 
cyl inders as w e l l . Since the amount of acoustic power avai lable for 
noise generation is d i rec t l y related to pneumatic power consumed, 
reduction of power may have signi f icance here, as well as from the cost 
and size standpoints. 
The weight, size and visual appearance of the typewri ter are 
other c r i t e r i a which would become important before a saleable design 
were achieved. For example, a typewri ter weighing 500 pounds would 
hardly be acceptable, but the value of reducing weight from 50 to 40 
pounds is hard to assess in the context of the proposed work. Size 
and appearance are , of course, important from the standpoint of 
marketing and u t i l i z a t i o n . 
These comments on design c r i t e r i a and how they re late to the 
overal l typewr i ter design are summarized in Table 1. 
I t is apparent that there are many factors involved in judging 
whether an acceptable and/or preferable design has been achieved. 
Some can be expressed precisely in numerical terms, while others depend 
on esthet ic appeal. S t i l l other factors are influenced by manufactur-
ing l im i ta t ions and competition in the market. In carrying out an 
analysis in an academic environment these l a t t e r factors cannot be 
evaluated as accurately as can the quant i ta t ive factors . This seeming 
l i m i t a t i o n is not as bad as i t may appear for two reasons. F i r s t , i t 
is not possible to consider such c r i t e r i a as manufacturing cost , s i ze , 
appearance, e tc . u n t i l the system has been established which meets the 
funct ional requirements and performs adequately, as measured in some 
quant i ta t ive fashion. This analysis is intended to establ ish such a 
system and, in that sense, is prel iminary to consideration of such 
factors of manufacturing cost or esthet ic appeal. This is not to say 
that these factors are completely ignored, but that they are subordi-
nate at th i s early stage. Secondly, the c r i t e r i on of power consumption 
which is a quant i ta t ive measure, has impl icat ions with regard to many 
of the other c r i t e r i a . For example, minimizing power consumption tends 
to minimize the number of f l u i d i c devices, which in turn reduces manu-
factur ing cost , s i ze , weight and noise, and improves r e l i a b i l i t y . 
Reduction in s i ze , weight and noise level makes design fo r esthet ic 
appeal and conservation of space easier. However, i f the minimization 
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Table 1. Relation of Design C r i t e r i a and Overall Objective 
Cr i ter ion Relation to Objective 
I n i t i a l Cost Estimated cost of f l u i d i c components 
r e l a t i ve l y small part of typewri ter s e l l i n g 
price 
Operating Cost Proportional to power cost 
Pr in t Quali ty Determined by k ine t i c energy of 10 ergs 
Speed Capabi l i ty At least 10 characters per second, greater 
i f other factors allow 
Noise Proportional to power consumption 
Weight Comparable to competitive typewri ter 
Volume Comparable to competitive typewri ter 
Appearance Must be capable of neat appearance 
of power consumption is carr ied to i t s u l t imate , the resu l t is zero 
power and no capabi l i ty to type. I t is desirable that the typing 
speed capab i l i t y be as high as possible, both to provide competit ive 
advantage where the machine may be applied as a te le typewr i te r or 
computer terminal and to explore the maximum capab i l i t y of the f l u i d i c 
system. 
Based on these considerat ions, the overal l design c r i t e r i o n fo r 
th i s analysis of the f l u i d i c typewri ter w i l l be to maximize speed and 
minimize power consumption, consistent with the constraints imposed by 
the model guidelines discussed previously and wi th mechanisms chosen 
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to couple with the f l u i d i c and pneumatic components. 
Method of Attack 
In general, the attack w i l l be to separate the physical 
mechanisms of the typewr i ter in to subsystems. A subsystem w i l l be 
defined as a device or devices performing a d e f i n i t e , spec i f iab le 
funct ion on given inputs and producing given outputs. Design c r i t e r i a 
w i l l be established for each subsystem which contr ibute to the achieve-
ment of the overal l design goal. The parameters which govern the sub-
system performance w i l l be i den t i f i ed and the i r values establ ished 
by modeling the subsystem and determining the parameter values which 
best sa t i s f y the subsystem c r i t e r i o n . Where t rade-o f f s i tuat ions 
among parameter values can be i d e n t i f i e d , these w i l l be carr ied out. 
The subsystems to be considered are i l l u s t r a t e d in Figure 3, 
which shows each subsystem as a block wi th an ind icat ion of the i n fo r -
mation or signal f low, as well as the power flow between them. The 
broken l i ne enclosing the carriage with the type head posi t ion and 
p r i n t subsystems is an ind icat ion that some or a l l of these may be part 
of the carr iage, as determined by fur ther analysis. The numbers one 
through ten on the blocks d is t inguish the subsystems and w i l l be 
u t i l i z e d in the notat ion of subsequent discussions. 
In the succeeding chapters each subsystem w i l l be considered 
in de ta i l and then the overal l model formulated in order to analyze 




































Figure 3. Functional System Model 
IC 
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CHAPTER I I I 
PRINT SUBSYSTEM OPTIMIZATION 
Def in i t ion of the Problem 
As was observed in Figure 3, the flow of information is 
from the keys to the paper and the las t operation in typing a 
character (excluding carriage motion) is to cause the p r i n t head 
to s t r i ke the paper. The form and character is t ics of the p r i n t 
dr ive subsystem w i l l than have an inf luence on the p r io r subsystems 
which in ter face with i t , and these in turn on the ones p r io r to 
them. I t is thus logical to consider f i r s t the p r i n t dr ive sub-
system and to define i t s conf igurat ion and parameters. 
The p r i n t drive subsystem consists basical ly of the type 
head; i t s supporting s t ruc tu re , which is free to move so that the 
type head s t r ikes the paper; a pneumatic cyl inder to drive the s t ruc-
tu re ; one or more f l u i d ampl i f iers to supply a i r pressure to the c y l i n -
der; and a return spr ing , i f required. 
The f i r s t task is to define a c r i t e r i on by which to judge the 
possible conf igurat ions. Essent ia l ly , the c r i t e r i on is that when the 
subsystem is actuated, a character of acceptable p r i n t qua l i t y appears 
on the paper at the proper place. However, i t is d i f f i c u l t to design 
to such a spec i f i ca t i on , except by experimentation wi th hardware. What 
is needed is some quant i ta t ive character is t ic of the subsystem which 
can be related to the parameters involved. In a study of a computer 
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l ine p r i n t e r , Greenblott [13] showed fo r a metal hammer s t r i k i n g a 
s i x -pa r t form ( i . e . o r ig ina l and f i ve copies) against a metal type-
face, the k ine t i c energy required fo r acceptable p r i n t i ng was about 
100,000 ergs. For a one-part form, the energy was 28,300 ergs. In 
engineering units 100,000 ergs is approximately 0.088 i n . l b . Since 
the typewri ter under consideration here also pr in ts by impact under 
s im i la r condi t ions, the object ive of acceptable p r i n t i ng w i l l be 
equated wi th the achievement of 100,000 ergs of k ine t ic energy. The 
design c r i t e r i o n w i l l , there fore , be that the type head and i t s support 
s t ructure achieve 100,000 ergs of k ine t i c energy j u s t before s t r i k i n g 
the paper, and do so in a manner consistent with the overal l object ive 
of minimum input power and maximum typing speed. 
Possible Configurations 
The mechanical portions of th is subsystem consist of the type 
head mounted on a movable structure which is coupled by some mechanical 
linkage to a moving p is ton. Regardless of the form of the l inkage, 
i t is possible to represent th is mathematically as a re f lec ted or 
equivalent mass connected d i rec t l y to the p is ton , so long as there is 
a l inear re la t ionship of input to output motion. The numerical value 
of the equivalent mass w i l l depend on both the mass of the moving parts 
and the kinematic re lat ions of the moving par ts. 
The f l u i d i c portions of the subsystem consist of the one or more 
f l u i d i c elements d i rec t l y dr iv ing the p is ton. The f l u i d i c element 
required here would be a d i g i t a l or switching type element, which would 
apply pressure on command to the cyl inder for a given time and then 
Zc. 
reset. The three types of elements mentioned in Chapter I were the 
turbulence amp l i f i e r , the Coanda ampl i f ie r and the diaphragm ampli-
f i e r . The output pressure from the turbulence ampl i f ie r is on the 
order of a few tenths of a psi [ 5 ] , [ 3 1 ] , [ 3 2 ] , and is not consid-
ered sui table for th is app l ica t ion . Output pressures for the Coanda 
and diaphragm devices are much higher (1 - 5 p s i ) . 
There are several possible combinations of these basic components, 
s ix of which are shown in Figure 4 , along with some of the nomenclature 
to be used. Subsequently, they w i l l be referred to as Case a, Case b, 
etc. Some general observations on the features and re la t i ve merits 
of each case can be made. One of the most important observations is 
that the Coanda elements (Case a and b) consume the pneumatic power 
supplied to the power j e t continuously, regardless of the action of the 
driven piston and mass, whereas the diaphragm elements (Cases c to f ) 
consume power only when there is flow over the ridge to move the 
cy l inder . This tends to reduce the power consumption of the subsystem. 
There are, of course, d i f f e ren t numbers of ampl i f iers required for the 
various cases, which has impl icat ions for the cost and r e l i a b i l i t y of 
the machine. 
The basic di f ference in Cases a and b is that in Case a the 
piston is driven forward to p r i n t and returned by a spr ing, whereas 
in Case b the piston is driven by the ampl i f ie r in both d i rec t ions . 
The potent ia l energy stored in the spring during piston motion must 
also be supplied by the amp l i f i e r , possibly resu l t ing in a larger ampli-
f i e r than Case b. The spring constant could be adjusted to compensate 
fo r th is to some extent , but the to ta l response time would be d i f f e ren t . 
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Figure 4. Print Subsystem Configurations 
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The diaphragm element of Case c uses power only when dr iv ing 
the cy l inder , as opposed to Case a. However, only part of the power 
drives the cy l inder , the rest being dissipated through the exhaust 
resistance r. The resistance r is needed to provide pressure to 
drive the cy l inder . I t is possible that Case c w i l l have lower power 
consumption than Case a, pa r t i cu la r l y at low typing speeds. 
By using two diaphragm elements as in Case f , the power loss 
in the resistance r of Case c can be el iminated. In Case f , as in a l l 
the cases, Pc , the control pressure, is treated as a Boolean variable 
and Fc indicates the negated value of Pc. Thus, when Pc is o f f the 
supply pressure Ps is applied to the piston only since Fc is on and 
the exhaust is blocked. During exhaust, the ridge r e s t r i c t i o n is very 
low and the exhaust is essent ia l ly unrest r ic ted. 
Case d shows the use of two diaphragm ampl i f iers to drive the 
piston in e i ther d i rec t i on . I t has the same disadvantage as Case c 
in that part of the flow is dissipated through the resistance r which 
is necessary for exhaust in both d i rec t ions . In add i t i on , each end 
of the cyl inder is under pressure at the being of the opposite s t roke , 
which tends to reduce the e f fec t ive pressure. This can be e l iminated, 
along wi th the loss through r, at the cost of two more diaphragm e le -
ments, as in Case e. Case f eliminates the resistance losses in both 
di rect ions with two amp l i f i e rs , but returns with a spr ing. 
These more or less qua l i t a t i ve remarks furnish some background 
for choosing a p r i n t dr ive conf igurat ion. However, i t is necessary 
to consider each system quant i ta t i ve ly as wel l in order to determine 
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which w i l l best sa t is fy the overa l l design object ive. Each case 
w i l l be represented mathematically, the design c r i t e r i o n stated 
mathematically, and the combination of physical parameters which 
best sa t i s f i es the c r i t e r i o n determined. 
Case a 
The equation of motion for the p i s ton , mass and spring of 
Figure 4a, assuming the spring massless and the piston mass included 
in m, is 
mx + Kx - pA x(OJ - o , xfo) ~o (1) 
where f r i c t i o n in the cyl inder has been neglected. I f i t is assumed 
that the output character is t ic of the Coanda ampl i f ie r can be approxi-
mated by a s t ra igh t l ine and that the l i ne f r i c t i o n loss and delay are 
smal l , then the output pressure is given by 
p(t)=- PsLyft) + pm (2) 
fm 
rtow since the pressure is low at the ampl i f ie r output, assume incom-
p r e s s i b i l i t y , so that 
xA =<?(t) (3) 
Subst i tut ion of Equation (2) and (3) in to Equation (1) w i l l y i e l d 
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x * ^ * A + * x = £ ^ - (4) 
wi th the same i n i t i a l condi t ions. 
The assumption of small delay time between the switching of 
the ampl i f ie r output and appl icat ion of pressure to the cy l inder needs 
to be considered b r i e f l y . Schuder [33] has given a so lut ion for the 
problem of a step input to a transmission l ine connected to a f ixed 
volume. The published discussion of th is paper by U. C. Union gives 
a simpler re la t ionsh ip , which is s u f f i c i e n t fo r the present purpose. 
Since the dimensions of the typewri ter would l i m i t the length of any 
transmission l ine to about one foo t , the pure delay for the pressure 
pulse would be about one mi l l isecond. Furthermore, since the piston 
does not move instantaneously, the cyl inder volume is p rac t i ca l l y 
constant fo r a short t ime. I f , for example, a l ine ten cm. long wi th 
an in terna l diameter of two mm. is connected to a volume of seven cm. , 
a delay of approximately one mil l isecond occurs between appl icat ion of 
pressure to the l ine and the attainment of applied pressure in the 
cyl inder according to Union's equation. A to ta l delay on the order 
of two mill iseconds is small fo r typing speeds of about ten characters 
per second (100 ms. per character) , so that the assumptions of 
Equation (2) are reasonable. 
The equation of motion for the forward motion of the p r i n t dr ive 
is given by (4 ) . At the time of impact, t = T, the forward motion stops 
and the type head and i t s support are returned by the action of the 
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spr ing , the ampl i f ie r output having been switched o f f . The cy l inder 
exhausts through the ampl i f ie r output po r t , which is vented, and pre-
sents a low impedance which is neglected here. The equation of motion 
for the return stroke is ( t 2 T ) 
mx + kx *> O xm-xa> k(T) = 0 (5) 
The boundary conditon on x re f lec ts the assumption that the type head 
does not rebound a f te r impact with the p laten. Some rebound is to be 
expected, so that in terms of the time required to return the type 
head to i t s o r ig ina l pos i t i on , the assumption is a conservative one. 
In order to apply the design c r i t e r i on of maximum speed and 
minimum power to th is subsystem, some quant i ta t ive expression of i t 
i s needed. F i r s t , note that the power consumed is given by the product 
of pressure and volume flow to the ampl i f ie r power j e t . The power j e t 
flow and pressure are some f rac t ion of qm and pm, respect ive ly , and 
therefore the product p , ^ is ind icat ive of the power consumption. As 
noted before, i t is not pract ica l to minimize power alone or to maximize 
speed alone. However, i f the product 
w = P™ 9m ^r (6 ) 
is formed as the function to be minimized, where T r is t o ta l time for 
forward and reverse motion, then the design object ive tends to be 
s a t i s f i e d . Observe that minimizing T r tends to maximize typing speed 
since the smaller is T r , the more characters can be typed in a given 
time. Also observe that since w has the dimensions of force times 
length, or work, minimizing w minimizes the work of a given print 
operation. 
To summarize the problem, then, i t is desired to minimize w in 
Equation (6) subject to the dynamic constraints of Equations (4) and 
(5) , with the additional objective of achieving a fixed kinetic energy 
KE = 0.5m\x(T)]* (1) 
at the end of the forward stroke. 
The minimization of w can be carried out as follows: The Laplace 
transform of Equation (4) leads to 
x(s) = ^BnA L— (8) 
* 5 / ^ ^ * A* (s* +£zA + !L) qmm ml 
The transform of Equation (3) gives 
ffs) = sAx(s) (9) 
Define e( t ) by 
6(t) = (2KEF* (10) 
Then from (7) 
eltj = moirx(t) (11) 
and combining this with (3) gives 
<?fe) = A/7J~°'S€.(t) (12) 
The Laplace transform of (12) can be combined with equations (8) and 
(9) to yield 
€(s) - &eA fs
z -h £»L^S + A. P (13) 
mos \ <?mm ml 
At this point the analysis divides into three sub-cases corresponding 
to the complex, real and equal, and real and unequal roots of the quad-
rat ic factor in equation (13). Considering f i r s t the complex roots, 
the inverse transform of (13) evaluated at t = T gives 
elTI-*±[7<-aff]L4A.~£u <»> 
m*s \K PmA\*T LI/77 Zqmml \ 
L m \2q„ml J 
where e(T) is known. 
Now consider Equation (5), whose solution is 
x(t) = coa[%)*'t' t'* T (15) 
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Let t = t - T and evaluate (15) at t = T , which gives 
r 
(Tr-r) = x(rjc0s^rr'TJ\ tie) 
But at t - T , x = 0 and Equation (16) is sa t i s f i ed fo r these conditions 
only when 
l5Tft-fl-T 07, 
I t would be convenient to have the ratio 
T 
and combining (17) and (18) the resu l t i s 
T = ^ (18) 
i ^ . S " 
T - g . £ j - + i (19) 
This las t equation furnishes a re la t ion between the forward and return 
stroke times and the physical system (m and k) which w i l l prove usefu l . 
I t i s now desired to re late the quant i ty to be minimized, w, to 
the re lat ions developed from the const ra in ts , namely Equations (14) 
and (19). I f the de f in i t ions of Y and R are made as 
then i t can be shown that 
F(Wl Y)=rffxp(.K) s/n ggL_j _ 6 (T) C21) 
where 
0- [,- TTlylT^r" (22) 
L /<5n^r-/;*J 
and 
/K = ^ Y * r (23) 
An out l ine of the development of Equation (21) is given in Appendix A. 
The quant i t ies Y and R have an in te res t ing physical in te rpre ta -
t i o n . The maximum potent ia l energy of the subsystem is proport ional 
to kx (T) . Expressing x(T) as force divided by k, where the force is 
proport ional to P ^ , results in 
Y ~ Vmaximum potent ia l energy 
S im i l a r l y , since the maximum k ine t i c energy is proport ional to mx ( T ) , 
by using Equation (3) i t is seen that 
R ~ Vmaximum k ine t i c energy 
The quant i t ies Y and R of Equation (20) are thus related to the 
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energies of the subsystem at the end of the forward stroke. 
I t is seen that for any given value of r Equation (21) gives 
w as an i m p l i c i t funct ion of one var iab le , Y. Since F(w,Y) is 
iden t i ca l l y zero, i t can be shown that 
d*L _ _ dF/JY 
dY dF/3w 
For w to be minimum with respect to Y, dw/dY = 0, which implies that 








Carrying out the operation of Equation (24) , the re la t ion 
tan f-̂  (-2-ft = \'6(r-lfQ __ 4(T-QQ 2<T-nT' ( 2 6 ) 
12 lr-//J L7r3T*a* vrra rrQ J l ' 
is obtained, where 
w (27) 
Since Q and K can be expressed in terms of a and T alone, Equation (26) 
can be solved numerically fo r a, the corresponding Q and K subst i tu ted 
in (21) to get Y, and the minimum value of w, w, then gotten from (27). 
The process can be repeated for various values of T to give a curve 
of w versus T . 
Equation (25) results in the re la t ion 
dF_ = exp(-K)7r*Y*T Crr Y
2T \TTQ 1 ( 2 8 ) 
6w Sw*(T-/)*Q )j*w(T-I)Q \2(T-I)\ 
-"\m-^""^nv ° 
The solut ions to (24) must sa t i s fy (28). Presentation of the results 
is delayed un t i l a f te r consideration of the sub-cases fo r real roots. 
Returning to Equation (13) and assuming real and unequal roots 
for the quadratic fac to r , the inverse transform gives (when evaluated 
at t = 1) the same resul t as (14) with sine replaced by hyperbolic sine 




\z\os II m Z9mm] J 
Then fo l lowing the same procedure that lead to Equation (21) , i t can 
be shown that 
G(w,Y) = ̂  exp(-K) sinh^-^ - e(T) (30) 
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where 
J = "7T* V * T * J6w*(T-iY 
o.s 
- I (31) 
and K is as defined in Equation (23). To f ind the minimum value of w 
with respect to Y for any given T , the procedure is the same as that 
leading to Equation (26). The conditions to be sa t i s f i ed are 
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= o (32) 
and 
(33) 
Evaluation of (32) leads to the re la t ion 
tanh UfT-/jJ 
4(r-i)T _ /6(r-/)3J 





where a and J have been defined previously. Since J and K can be 
expressed in terms of a alone fo r any given T , Equation (34) can be 
solved numerically for a, the corresponding J and K subst i tuted in to 
(30) to get Y, and the minimum w gotten from (27). Repeating the 
process for several values of ? w i l l allow p l o t t i n g w versus T . 
Evaluation of equation (33) leads to 
iff = 7r>Y
JTexp(-f<)(-rrY*T c o a A [jpZ_l ( 3 5 ) 
Returning once again to Equation (13), the sub-case of real and 
equal roots of the quadratic (c r i t i ca l damping) is considered. The 
inverse transform evaluated at t = T yields 
.01 - ̂  e*?{W] (*> 
Using the relations of (19) and (20) and the additional fact that for 
c r i t i ca l damping Y/R = 2, i t is possible to arrive at 
HI". Y) = ^%- e*P (" j%f) - £(T) - O (37) 
Again, the minimum of w with respect to Y for any given T is defined by 
dH 
and 
*r/» =° (38) 
J& *° (39) 'A w 
Since w = 0 is excluded by physical considerations, Equation (38) 
results in 
4w = / (40) 
I f this is substituted into (36), along with Y and R from (20), the 
result is 
w = \e(Tff*T (41) 
However, from Equations (19) and (20), i t can be shown that 
T - ^ ^ T + / (42) 
4w 
I f (40) and (42) are combined, the result is 
r = 4.142- (43) 
so that the f inal result for w is 
w = //.2/{<=(T)f (44) 
when c r i t i ca l damping is specified. 
I t is fa i r l y simple to show that Equation (39) is sat is f ied. 
I f the dif ferentiat ion is carried out and Equations (40) and (43) 
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subst i tu ted appropr iate ly , the resu l t is 
ItL = OJ47Y'' 
dw 
and since Y i s , from physical considerat ions, never i n f i n i t e , Equation 
(39) is s a t i s f i e d . 
As previously s ta ted, the solut ions fo r w when the roots are 
complex or real and unequal must be found numerical ly. The computations 
were carr ied out with the aid of a programmable e lect ron ic ca lcu la tor , 
and the solut ions for a l l three sub-cases underdamped, c r i t i c a l l y 
damped and overdamped are presented in Figure 5. 
I t is of i n te res t to note that there is a minimum of w wi th 
respect to T at approximately T = 2 .6 , which is in the range repre-
senting the complex roots or underdamped port ion of the curve. In 
the in terva l 2.6 «= T «= 5.0 (approximately) Equations (26) and (34) 
did not y i e l d so lu t ions. However, th is is not unexpected from the 
physical standpoint, since i t turns out to be the t rans i t i on from 
underdamped to overdamped, and the solut ion fo r w from the c r i t i c a l l y 
damped case f a l l s in th is i n t e r v a l . A smooth curve is fa i red through 
th is in te rva l to give a complete p ic ture of the value of w, repre-
senting the minimum energy expended in typing one character fo r Case a 
of Figure 4. 
I t is of in teres t to note the value of the damping coe f f i c ien t 
corresponding to the minimum at T = 2.6. I t can be shown that the 
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Figure 5. Minimum Work for Printing, Case a 
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and the value at T = 2.6 turns out to be £ = 0.63. 
Case b 
This conf igurat ion as shown in Figure 4 drives the piston in 
both d i rect ions with the ampl i f ie r . The equation of motion in 
e i ther d i rec t ion is 
mx = pA x(Q) = 0 , x(0)=O (45) 
As before, f r i c t i o n in the cyl inder is neglected, as well as flow 
r e s t r i c t i o n in the exhaust d i rec t i on . Assuming a l inear ampl i f ie r 
output charac ter is t i c as in Equation (2) and incompressible flow as 
in Equation ( 3 ) , the equation of motion becomes 
x + P"A* x = ^^A (46) 
qmm m 
The boundary conditions again re f l ec t the assumption of no rebound, 
and since the motion is the same in both d i rec t ions , T has the single 
value T = 2. A fur ther resu l t of the s im i la r forward and return 
strokes is that the work per cycle can be expressed by combining 
T = 2 with Equations (6) and (18) to get 
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W = 3pmqmT (47) 
which is the function to be minimized. As in a l l cases, the design 
must satisfy Equation (7). By the same reasoning as in Case a, the 
solution to (46) can be expressed as 
tf/77* ^'^m [ > - exp(-P»>A*TSh (48) 
A L \ qmm l\ 
By substituting R from (20), i t can be shown that 
w = ^ / ? * //? ["_£ 1 (49) 
[R-£(T)\ 
Since w here is only a function of R, the minimum value is found by 
setting the derivative equal to zero. The resulting expression is 
Sin t=i + / -0 e(T)/R\ / - £(T)/R 
Numerical solution for€(T)/R results in 
R = L+e(T) 
and when substituted into (49), along with Equation (10), the f inal 
solution for the minimum value of w is 
w= 9.86 KE 
For KE = 100,000 ergs, the minimum value of w is 
vv - 0.863 in. lb. (50) 
which is about one-half the minimum for Case a. 
Case c 
I f the Coanda amplifier of Case a is replaced by a diaphragm 
element, there exists a possibi l i ty for reduced power since the power 
flow is cut off during the return stroke. This configuration is shown 
in Figure 4c. 
On the forward stroke the equation of motion is given by Equation 
(1). However, the assumption here is that the ridge resistance is 
negligible and thus p is a constant, Ps. In this case, the solution 
to (1) is 
*ft)-Jte[,-ca.£f*t] (51) 
The return motion due to the spring is described by ( t =» T) 
mx + kx*=-yrA x(T) = xaj x(T)-Q (52) 
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with the assumption of incompressibility as in Equation (3), (52) 
becomes 
mx + ^ % - X =0 (53) 
m m 
Because the driven mass must return to x = 0 in a f i n i t e time, the 
only permissible solution to this equation corresponds to that for 
complex roots for the characteristic equation ( i . e . , underdamped). 
The quantity to be minimized, work required to pr in t , can be 
expressed as 
W « / 5 fi!, dt (54) 
Jo 
since the power flow exists only on the forward stroke. The value of 
the integral is the total flow, so that (54) can be expressed for 
incompressible flow as 
W = PS[AX(T) + -%-T\ (55) 
The problem, as before is to minimize w subject to the constraints of 
(51) and (53), as well as the desired kinetic energy of (7). 
In order to get a form for (55) which can be minimized a solu-
tion for (53) is needed. A useful form is given by Kuo, [34] , p. 122 f f . 
With the definitions 
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**•=&r r = i&7- (56) 
the required solution is 
x(t') =X0 exp(twnt') [cox (WaJJ-JZV) (57) 
where t = t - T. 
With the further definition of 
<P= OOnT (58) 
the evaluation of (57) at t = (Tr - T), ( i .e . , t = Tp), gives 
X0 exp [<f> ?(T-lj\ {cos [<p(T-/)J/~t*] 
+jj^s->n[?(T-<)J7Z1g\} =0 
From physical considerations, the term in braces must be zero, which 
leads to an expression for 0 in terms of T and "£ , 
•-s^-'f-^) (59) 
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By taking the f i r s t der ivat ive of x ( t ) in (51) and combining 
with (10) and (58) , i t can be shown that 
>£ ><2 
[£(Tj] = JkA. sj„*f (60) 
Further, by combining (56) , (58) and (60) , i t can be shown that 
£i« kn£(±.) (6i) 
Going back to (55) , then, and making proper subst i tu t ions from (51), 
(60) and (61) , the expression for w becomes 
w « l^lff/ -cos<f> + - * - l (62) 
sin2<p L jsl-i 
By subs t i tu t ing for <f> from Equation (59) , a re la t ion for w as funct ion 
of one var iab le , t , for any given T i s obtained. Since 0 « t « 1 is 
required by the necessity of an underdamped solut ion fo r (53) , i t is 
2 
possible to solve numerically f o r w / [ e ( T ) ] ' for various values of 
using (59) and (62). This procedure can be carr ied out by choosing a 
value for Tand p l o t t i ng w / [ £ ( T ) ] for values of t , as in Figure 6. 
Fortunately, these curves have a minimum value fo r w / [ e ( T ) ] 
and th is minimum can be p lo t ted as a funct ion of T as in Figure 8, 
which compares the s ix cases of th is chapter. 
Case d 
I t is possible that an improvement on Case b might be a s im i la r 
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Figure 6. Minimum Value of w/£ (T), Case c 
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arrangement, wi th diaphragm elements instead of Coanda elements. 
This i s shown in Figure 4d. As in Case b, the forward and return 
equations of motion are the same, so that the only value for T is 
T = 2. The equation of motion fo r the forward stroke may be expressed 
as 
mx = (pf - pr)A (63) 
where 
Pr = ?r-r (64) 
Since the r e s t r i c t i o n of the ridge is neglected, p f = P , and fo r 
incompressible flow Equation (3) appl ies. Thus Equation (63) becomes 
x + ^ k = ^ - MO) = Oj X(0)~0 (65) 
m m 







The funct ion to be minimized i s , again, the work required for 
the forward and return motion, which is given by 




Since the flow during both motions goes e i ther to the cyl inder or through 
the resistance r, Equation (68) can be wr i t ten 
w 2PS AxtT) * £*- T r J (69) 
In order to reduce w in (69) to a function of one var iab le , Equation (66) 
is d i f f e ren t ia ted with respect to t and combined with Equation (10) to 
give 
e(T) = P9 m°-
s 
rA 
[ /-ejrp/ '-XT]] (70) 
Then by substituting (66) and (70) into (69) w can be expressed by 
-- tlfSm [~pWxr-/\ (71) 
Since €(T) is known, the minimum value of w can be found by se t t ing 
the der ivat ive with respect to AT to zero. The numerical so lut ion to 
the expression for Al thus obatined is AT = 1.23. Subst i tut ion of th is 
value in to Equation (71) gives the minimum value of w as 
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w = LB4 in. lb. (72) 
This is a larger value of w than for Case b as seen from Equation (50). 
Case e 
I t i s apparent from the f i r s t four cases (a - d) that despite the 
assumption of no piston s l i d i ng f r i c t i o n , there are s t i l l damping terms 
in the equations of motion due e i ther to required l ine resistances or 
ampl i f ie r output charac ter is t ics . The las t two cases to be considered 
give two means of e l iminat ing a l l damping terms in the equations of 
motion under the other previous assumptions. The f i r s t , Case e , as shown 
in Figure 4e uses four diaphragm elements so that a i r is both supplied 
to and exhausted from both sides of the piston with no r e s t r i c t i o n . 
The equation of motion in the forward d i rec t ion is 
mx =PSA x(0)=0, x(0)=O (73) 
and i t s so lut ion is 
xit) = 3A[iL
z) (74) 
I t is necessary to sa t i s fy the k ine t i c energy requirement, and from 
Equations ( 7 ) , (10) and (74) i t can be shown that 
e(T)-54T (75) 
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I t is desired to minimize the work in both directions, and the total 
work w can be written 
rTt-
W= PsUfsdt (76) 
Since a l l input flow goes to the cylinder, w becomes (for incompressible 
flow) 
w= £RAx(t) (77) 
Substituting from (74) and (75) the result is 
A 
w = [e(T)]* = ZKE 
which becomes 
w = 0.177 in. lb. (78) 
when the value of KE is substituted. This is the lowest value of w 
obtained so far. However, the system has inherent a value of T= 2, 
and i t has already been seen that the minimum of w can depend on T where 
a spring return is used. 
Case f 
The other method of elimination damping loss using diaphragm 
elements is shown in Figure 4f. This configuration uses one element to 
supply the forward stroke power and the other to give an unrestricted 
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exhaust during return by the spr ing. The forward stroke equation of 
motion is 
m'x + kx = PSA x(0) = O; x(0)=O (79) 
and i t s solut ion is 
xft)-3& 
k 
/ - cos m (80) 
For the return s t roke, the equation of motion is the same as Equation 
( 5 ) , whose solut ion leads to the expression fo r T i n (19). As in the 
previous cases, i t is desired to minimize the work and sa t i s fy the kine-




and with incompressible flow becomes 
i v= PsAx(T) (81) 
By d i f f e r e n t i a t i n g (80) and using Equations ( 3 ) , (7) and (10) , i t can 
be shown that 
_ PsA \o.£ C(T)- T - si»t) (82) 
By combining Equations (19), (56) and (58) it can be shown that 0 can 
also be expressed as 
*' %FH (83) 
and subs t i tu t ing from (19) , (80) , (82) and (83) in to (81) , w can be 
expressed by 
Wm kiZjf \j-cos <f\ (84) 
Thus w is funct ion only of <fi and i t s minimum can be found by se t t ing 
the der ivat ive with respect to fi to zero. This resul ts in 
s&c <p + cos <p = £ 
which is s a t i s f i e d by 
<p = 2nir n^O.^2, -•* 
Equation (83) implies that w has a minimum only as T approaches i n f i n i t y , 
Qy taking 
lim w = 0.5[e(Tjf (85) 
in Equation (84) , i t is seen that 
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I/m W = KE (86) 
where KE i s , of course, the required k ine t i c energy to p r i n t . The resu l t 
of Equation (86) shows that i f a s u f f i c i e n t l y long time is allowed fo r 
the return s t roke, the required energy approaches the least possible, 
that being only that required to achieve the pr inted character. For 
values o f T w h i c h are p r a c t i c a l , the minimum value of w is given by (84). 
This curve is p lo t ted in Figure 7, and shows that an improvement on 
Case e can be obtained at values o f T w h i c h are reasonable. 
Selection of Pr in t Drive Subsystem 
From the values of minimum work or energy derived for the s ix 
configurat ions of Figure 4 , a comparison can be made based on the 
compilation of these results shown in Figure 8. These resul ts are a l l 
fo r KE of 100,000 ergs. For other values of KE, the values of w, are 
proport ional to KE. 
Each of the three configurations wi th spring return show a v a r i -
ation of w with T . This is reasonable since increasing T i m p l i e s 
longer return time fo r a given forward time and requires less energy 
stored in the spr ing. However, for Case a, the Coanda ampl i f ie r has a 
constant power consumption and th is is re f lected in the shape of the 
curve, which has a minimum at T ^ Z . b , whereas Case c and f decrease 
cont inual ly as T increases. 
Uue to the de f i n i t i on of T i n Equation (18) , T = 2 represents 
equal forward and return strokes. Thus, Cases b, d and e are shown in 
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I t is easi ly seen that the configurat ion which best sa t i s f i es 
the c r i t e r i on of minimum power consumption is the l a s t , Case f , using 
two diaphragm elements with a spring re turn . This conf igurat ion has a 
power consumption of more than an order of magnitude less than Case a. 
The s igni f icance of th is power saving for the overal l system w i l l become 
apparent l a t e r . Case f also has the advantage of a spring return so 
that Tcan be varied i f that seems advisable from timing considerations. 
The disadvantages of Case f are that i t uses two ampl i f iers as opposed 
to Case c, i t s closest competitor in power consumption, and that the 
diaphragm ampl i f iers have a moving mechanical pa r t , the diaphragm. How-
ever, the diaphragm should present few problems from the standpoint of 
wear, speed of response or s i ze , and the addit ional ampl i f ie r results 
in less than ha l f the power consumption of Case c. 
Therefore, the configurat ion of Case f w i l l be used in the fur ther 
consideration of the overal l typewri ter as the p r i n t i ng drive subsystem 
corresponding to block seven of Figure 3. 
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CHAPTER IV 
POSITION DRIVE SUBSYSTEM OPTIMIZATION 
Def in i t ion of the Problem 
In addit ion to the p r i n t d r i ve , two f i na l elements in the l o g i -
cal flow of information in Figure 3 are those which provide rotary 
and axial motion to the type head for selections of the character to 
be pr in ted . The rotary and axial drives provide the same basic func t ion , 
that of converting a set of pressure signals to corresponding mechani-
cal motion of a given magnitude, the motion being accomplished in some 
f ixed t ime, and a return to some i n i t i a l or home pos i t ion . While the 
mechanical linkage w i l l be d i f f e ren t for the two, i t is s t i l l possible 
to model them in the same sense as the p r in t drive in Chapter I I I , in 
which case they are ind is t inguishable. 
Thus, th is chapter w i l l be concerned with what amounts to a 
motion transducer converting pressure to a f ixed mechanical motion as 
mentioned in Chapter I I . The action of a key w i l l be converted to a 
set of d i g i t a l pressure signals which specify the amount the type head 
must be moved (ax ia l l y or r o t a t i o n a l l y ) . The motion is to be accom-
pl ished by connecting the pressure pulses to a d i g i t a l actuator, as in 
Figure 9. The actuator, which is i l l u s t r a t e d here as being binary 
coded, consists of a series of pistons moving in a single cyl inder wi th 
the i r axial motion constrained by a set of stops such that the forward 
motion of each piston re la t i ve to the piston behind i t is weighted in 
Figure 9. Position Drive and Digital Actuator 
notion of any piston is transmitted to the driven mass, and the i n d i -
vidual motions are add i t i ve , so that the motion of the driven system 
has a re la t i ve magnitude equal to the magnitude of the binary number 
represented by the input pressure pulses. The driven mass has 2° posi-
t i o n s , where n is the number of p istons. The return motion is shown 
as being spring dr iven. I t would also be possible to return the actu-
ator to the zero or home posi t ion with a i r pressure by enclosing the 
open end of the cy l inder . This d i g i t a l actuator and the associated 
dr iv ing f l u i d i c amp l i f i e rs , along with the connected mechanical linkage 
and the type head i t s e l f , const i tu te the posi t ion dr ive subsystem. I t 
snould be emphasized that codes other than binary can be used for the 
actuator, 
As w i l l be seen, there are several possible configurat ions which 
could be u t i l i z e d here, and a c r i t e r i o n for determining the best one 
is needed. Since the overal l c r i t e r i on is to minimize power and maxi-
mize speed, the best system is the one which moves the driven mechani-
cal load to the desired pos i t ion in a speci f ied time using the least 
power. As in the p r i n t subsystem, the object ives of maximum speed and 
minimum power can be achieved by minimizing the work required to accom-
p l i sh the spec i f ied motion and re turn . 
Possible Configurations 
Examination of Figure 9 w i l l show that the pistons of the actu-
ator do not move simultaneously. For instance, i f the high-order p i s -
ton (r ightmost in Figure 9) is the only one pressurized, i t alone 
drives the load. However, i f a l l three are pressurized, the high-
order piston moves through i t s stroke f i r s t , and then pul ls the next 
piston a f te r i t , which then pul ls the low-order p is ton. This is due 
to the balanced forces on the lower-order pistons. Other combinations 
of piston motion are obvious. Thus, the load driven by f l u i d i c ampli-
f i e r may vary during one operation of the actuator and from operation 
to operat ion. I f the load represented by the pistons is small (as i t 
turns out to be) , th is var ia t ion can be neglected for th is i n i t i a l 
analysis and the posi t ion drive system represented simply by a single 
piston driven by the f l u i d ampl i f ie r and dr iv ing the equivalent or 
re f lec ted mass, m. 
These remarks then allow the use of the s ix possible configura-
t ions shown in Figure 4 to be studied as posi t ion drive subsystems. 
The only dif ference is that here the constra int is to achieve a given 
magnitude of motion at time t = T instead of achieving a given k ine t i c 
energy. These configurations w i l l again be referred to as Cases a - f , 
and each w i l l be modeled mathematically and the most su i tab le one cho-
sen. The general remarks concerning them in Chapter I I I apply here as 
w e l l . 
Quanti tat ive Evaluation of Possible Configurations 
Design Cr i te r ion 
Since the configurations of Figure 4 were f i r s t developed in 
Chapter I I I , the equations of motion and the other per t inent re lat ions 
developed there w i l l be used in th is chapter where they apply. The 
assumptions upon which they are based and the rat ionale of t he i r 
development w i l l not be repeated in th is chapter. Instead, the develop-
ment of each case w i l l be presented more concisely wi th appropriate 
reference to previous equations. 
Again, i t is necessary to have a quant i ty to be minimized which 
re f lec ts the minimum power and maximum speed c r i t e r i o n . In the calcu-
lat ions for w in Chapter I I I , the constra int of given k ine t i c energy 
at time t = T was used as expressed by Equation (7). This energy con-
s t r a i n t resulted in the a b i l i t y to minimize w as a function of T o n l y . 
Note that Equation (7) actual ly places a r e s t r i c t i o n on the product 
ro{ X(T) ] '" . However, in the present problem the actual constraint 
is only on x(T) . Physically speaking then, i f w is minimized, i t is 
possible fo r the minimization to force T to i n f i n i t y (an unacceptable 
resu l t ) since motion of a f i n i t e mass m over a f i n i t e distance in 
i n f i n i t e time takes zero work. Or, i f the time remains f i n i t e , the 
mass may be forced to zero, also unacceptable. Thus, the posi t ion 
drive problem is less constrained than the p r i n t d r i ve , and in order 
to get the same type solut ion for w as a function of T , i t w i l l be 
necessary to f i x the value of the parameter 
| / = m[x(TJf ( 87 ) 
which has the dimension of energy or work. Note that since x(T) i t s e l f 
is f i xed as well as the time for the forward s t roke, T, Equation (87) 
has the e f fec t of f i x i n g m. The expression fo r w in Equation (6) can 
also be wr i t ten 
* " * PrnfaTT 
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I f W is defined by 
W = pmqmT (88) 
i t is seen t ha t , since Tand T are f i x e d , minimization of W is the same 
as minimizing w. Furthermore, again for T f i x e d , th is is the same as 
minimizing 
P = Pmfm (89) 
Both Equations (88) and (89) prove useful in th is chapter. 
Case a. The equation of motion for the forward stroke is 
Equation ( 4 ) , which includes the assumptions of a l inear ampl i f ie r out-
put cha rac te r i s t i c , Equation (2) and incompressible output f low, 
Equation (3 ) . For the return s t roke, the equation of motion is Equation 
(5 ) . The design constraint is that x(T) must be a known, f ixed number 
which is determined from the dimensions of the type head and the mechani-
cal linkage connecting i t to the d i g i t a l actuator. The equation of 
motion (4) can be solved fo r x ( t ) for the underdamped case. I f the d e f i -
n i t i on of the dimensionless r a t i o B is made as 
3 = M | # (90) 
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then th is solut ion at t = T can be expressed as 
jW JL 
4 m xlT) 
[\l6B(r-lf\°t- exp [- TTB/£(T-l]\ 
F 3 - J L'. r/-̂ *;*s 
- BSST - *r 
(91) 
where 
if/ = f<377 / J — g 
An out l ine of th is der ivat ion is given in Appendix B. Since V is known, 
Equation (91) can be expressed as 
lWya* 
f\ 
It is desired to have the minimum of W with respect to B. Observe that 
%-*wvr?B 
and fo r a minimum of W 
±L = o 
dB 
since W and V are not zero i d e n t i c a l l y . A fur ther s imp l i f i ca t i on resul ts 
by l e t t i n g 
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*(B) = h> 
where f ' ( B ) is the denominator of the r igh t side of (91) , so that 
df = _ _/_ J£ 
dB (fT dB 
Then, since from physical considerations f ' (B ) cannot be zero, i t is 
simpler to set 
^ • = 0 (92) 
dB 
as the condit ion for minimum W. The resu l t of carrying out (92) is 
^ n s j - ^ - j - f i ^ " ] - 0 
This equation can be solved numerically fo r B as a funct ion of T . The 
resu l t is then subst i tuted in to Equation (91) to achieve the curve of 
Figure 10, where the minimum value of W, W, is given for any value of 
V. 
As in the consideration of Case a for p r i n t i ng in Chapter I I I , 
i t would now be possible to consider the solut ion of the equation of 
motion fo r c r i t i c a l damping and for underdamped motion. However, since 
i t was seen in Chapter I I I that the three solut ions combined to give 
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a smooth curve, s im i la r resul ts might be expected here. Instead of 
considering the other two cases for pos i t ion ing , a l i m i t i n g case w i l l 
be considered. The overdamped solut ion carr ied to i t s l i m i t would 
have a damping ra t i o 6 equal to i n f i n i t y , where 
* = Pm A (94) 
For 6 to be very large, k must approach zero, and with no spring to 
return the system, T becomes i n f i n i t e . By al lowing k to go to zero, 
the equation of motion (4) reduces to Equation (46) , which also happens 
to be the equation of motion for Case b. Thus, i t can be seen that 
the solut ion fo r Case b (where T has only the value T = 2) is a l i m i t i n g 
so lut ion f o r Case a with T-* -oo. This l i m i t i n g solut ion is shown in 
Figure 10 in ant ic ipa t ion of i t s der ivat ion in the fo l lowing sect ion. 
Case b. The equation of motion in both di rect ions was given 
by (46). The constraints are that x(T) and T are known and the value 
of V is given. In th is case i t is convenient to minimize the funct ion 
P given by Equation (89). 
The so lut ion to the equation of motion can be wr i t ten as ( t = T) 
X(t)= 3mT + ™3»\exp (-&2**I)-i\ (95) 
A PmA3V \ <?mff7l J 
tiy def in ing D and M as 
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Figure 10. Minimum Work for Positioning, Case a 
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Equation (95) can be wr i t ten to give 
f(QP)=0=D+% «xprwg - / -x(T) (97) 
since M is a known constant. The conditions for a minimum of P with 





The f i r s t of these re lat ions resul ts in 
, _ 3D*M , 
P 
3D*M 
L P H **p ik* =° (99) 
The second gi ves 
MD-
> ( F + 0 W ) * * P ( - £ 
_\_ 
W P. 
± O (loo) 
Equation (99) can be solved numerically to get 
MD' 
= 2.149 (101) 
and by subs t i tu t ing th is in to (97) i t can be seen that 
x(T) 
D 
=s 0.539 (102) 
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By squaring both sides of (102), d iv id ing (101) by the r e s u l t , and 
then subs t i tu t ing the de f in i t ions of P and M, there results 
/\ 
W- = 6.2 (103) 
1/ 
which gives the minimum value of W for any V. The parameter T has the 
one value T - l for Case b. This is the resu l t shown as an asymptotic 
solut ion fo r Case a in Figure 10. 
I t can be shown that Equation (100) is always sa t i s f i ed by 
assuming that the term in brackets is equal to zero, mul t ip ly ing 
through by P and noting the contradict ion when subst i tu t ion is made 
from Equation (101). 
Case c. The equations of motion for th is case are the same as 
in Chapter I I I , Case c. The solut ion to the forward motion equation is 
given by (51) and the solut ion to the return Equation (53) leads to 
Equation (59) as before. The constraints are that x(T) and T are known 
and the value of V is known, which of course implies that m is f i xed . 
The quant i ty to be minimized is given by Equation (55). 
Equation (55) can be reduced to a form from which a minimum can 
be found by f i r s t mul t ip ly ing out and e l iminat ing T and r in the second 
term by subst i tu t ions from Equations (58) and (56) to get 
w=%Ax(TI + 3J^(JL\ 
k \£t) 
Then Equation (51) evaluated at t - T can be used to el iminate PgA, 
68 
resulting in 
i V - k [x(Tj\
 2 
[/- cos<pY 
,-cos4> + JL 
and by substitution from (56), (58) and (87) the result is 
V6* w = -
[hcos (pi 
I - cos 4> + 
Ef. 
Final ly, 0 can be eliminated by substitution from (59) to give 
w. 
V 
tan-'lt/FJ*/*) \tanl!MEIl/JJ\z \ i - rn< tan-
fl)/r: 
L f r - / J * F 7 * J L iT-l)/F. 
+ tan-'i-y/Ff/m fr. ^ taT'l/FPm 
Bttr-O/FF J L n-n/Fl* J 
-z 
(104) 
which is a function of t only for a given T , V being fixed as before. 
This last equation can be solved numerically by graphing w/V 
versus "J for various values o f t . which is shown in Figure 11. These 
curves have a minimum value and these minima are plotted in Figure 13. 
Case d. The equation of motion in the forward direction is 
given by Equation (65) whose solution is (66). For this configuration 
the forward and return motions are the same and T = 2 only. Again x(T) 
and V are known constants. The function to be minimized is given by 
Equation (68) or (69). The equation for w can be expressed in a form 
suitable for minimization by multiplying out (69) and eliminating 
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Figure 11. Minimum Values of w/V, Case c 
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of these operations is 
" - - gga?,:ffy' 
This allows the minimum of w to be found by se t t ing 
4* = O 
d(AT) 
The resu l t of th is operation is a transcendental expression which can 
be solved numerically fo r 
AT = 1.565 (106) 
Subst i tu t ing th is back in to (105) gives 
A 
w _ Y=l4--a (107) 
which is p lo t ted in Figure 13 wi th the other s ix cases of th is chapter. 
Case e. The equation of motion was given in Chapter I I I by 
Equation (73) with i t s solut ion (74). Again, the design constraints 
are that x (T ) , T and V are known constants. The to ta l work done, which 
is to be minimized, was given by (77) as 
w = 2%Ax(T) 
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Subst i tu t ing fo r P A from (74) , the d i rec t resu l t is 
*L **4 (108) 
V 
which is shown in Figure 13. 
Case f . The equation of motion in the forward d i rec t ion was 
given by Equation (79) and i t s solut ion by (80). In th is case the 
return equation of motion was given by Equation (5) whose solut ion 
lead to the re la t ion for T i n Equation (19). The design constraints 
for th is case, as for a l l the posi t ion drive configurations are that 
x (T) , T and V are known constants. The work function to be minimized 
is that given by Equation (81) as 
w - fSAx(T) 
tiy subs t i tu t ing fo r PSA from Equation (80) and using ^ from Equation 
(58), w becomes 
^ = / ^ , (109) 
/ _ cos <f> 
Thus, w is a function of ^ only and the minimum can be found by se t t i ng 
the der ivat ive to zero. Carrying th is out leads to the re la t ion 
(psin<p +2cos<p -£ =0 (110) 
<f> = *mr n-O^^r 0 " ) 
Since th is so lut ion fo r <f> leads to an indeterminate expression for w in 
(109), the minimum for w is found by taking 
Urn w = 2V (112) 
However, Equation (83) implies that as T-* -oo, (j> + 09 so that the 
resu l t of (112) is va l id fo r T - *~oo . For f i n i t e values of T , the 
minimum value of w is simply that given by Equation (109). This 
Equation for w is p lot ted in Figure 12. 
Selection of Posit ion Drive Subsystem 
A compilation of the results for minimum work or energy fo r each 
of the s i x cases of Figure 4 used as posi t ion drives for pos i t ion ing 
the type head is shown in Figure 13. In a l l cases V as defined by 
Equation (87) is assumed known. I t is obvious that the conf igurat ion 
of Case f requires the minimum energy and is the best from that stand-
po in t . I t has the disadvantage of requir ing two diaphragm elements 
which have a moving par t . However, the reduction of power by a factor 
of approximately three over the Coanda devices of Case b j u s t i f i e s 
the use of the Case f conf igurat ion. Therefore, fo r the f i na l dr ive 
stage in pos i t ion ing the type head the configurat ion of Case f in 























The discussion in the l a t t e r two sections of Chapter I I pointed 
out the need for a control subsystem to coordinate the operation of 
the other subsystems. In th is chapter the requirements on th is con-
t r o l subsystem w i l l be formulated and several a l ternat ives evaluated. 
To begin w i t h , the overal l sequence of events in typing is that 
a key is f i r s t actuated and th is resul ts in the typeface s t r i k i n g the 
paper, followed by a carriage motion to the next p r i n t space. For 
those fam i l i a r with the less modern manual type-bar machine, i t w i l l 
be remembered that s t r i k i n g a second key too quickly a f te r the f i r s t 
resulted in jammed type-bars. This points out the fact that the cycle 
of mechanical operations resu l t ing from key actuation require a certain 
minimum t ime, whether the typewri ter be manual, e l e c t r i c or f l u i d i c , 
before another cycle can be i n i t i a t e d . I t is one of the functions of 
the control subsystem to ensure that the cycle of events necessary to 
p r i n t a character is carr ied out when a key is actuated and also to 
prevent unwanted in ter rupt ion of that cycle i f a second key is actua-
ted too soon. The other function is to determine the sequence and 
i n i t i a t e the operation of the type head posi t ion d r i ves , the p r i n t 
drive and the carriage motion, and to reset these subsystems ready for 
another cycle. The minimum time required to complete the cycle of 
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events discussed here w i l l be referred to as the cycle length. 
The fact that the t iming must prevent any action from a second 
key struck too quickly seems to imply that i t might be possible to 
s t r i ke a key which would do noth ing, mechanically speaking, and thus 
omit a l e t t e r on the paper. This is not qui te t r ue , because a basic 
requirement of a well designed typewri ter would be that i t s cycle length 
be shorter than that corresponding to the t y p i s t ' s e f f o r t , so that when 
operated at the maximum expected typing speed and at a reasonably smooth 
rate the machine would always be ready fo r the next cycle. I f there i s 
a moving key, which need not be the case with a f l u i d i c typewr i te r , the 
keys can be mechanically inter locked so that only one at a time can be 
moved, but even that does not guarantee er ro r - f ree typ ing. 
I t might also be noted here that the d i g i t a l encoding of the 
keys provides a natural means of automatic operation of the f l u i d i c 
typewri ter from coded in format ion, such as paper tape. In such a case, 
the information would be received at a constant rate j us t slower than 
that corresponding to the cycle length , and the d i f f i c u l t i e s discussed 
above would not ex i s t . 
In summary, the control subsystem accepts coded information gene-
rated by the key ac t ion , i n i t i a t e s operation of each of the dr ive sub-
systems in proper sequence, prevents in te r rup t ion of th is sequence, and 
returns the whole machine to i t s rest state ready to repeat the cycle. 
Possible Modes of Operation 
I t is evident that the control subsystem is in essence a d i g i t a l 
information processor in the same, i f less complex, sense as numerical 
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cont ro l lers for machine too l s , process cont ro l lers and s imi la r app l i -
cat ions. That i s , d i g i t a l l y coded information is input to the pro-
cessor and a sequence of computational or logical operations performed 
upon i t , and control action taken on the basis of the information or 
computations. In that context there are two general modes of operation 
which might be considered in u t i l i z i n g the input . These are the syn-
chronous and asynchronous modes. 
In the synchronous mode of operat ion, every logical or control 
action is done on a time basis. In d i g i t a l computers th is time basis 
is often provided by a constant frequency o s c i l l a t o r whose output pulse 
t r a i n is used to drive gates or master-slave f l i p - f l o p s which allow 
logical operations to proceed in synchronism with the clock. Such 
elaborate measures are not deemed necessary fo r the typewr i ter , since 
i t would require the c lock -osc i l l a to r c i r c u i t and addi t ional gat ing. 
I t is possible to provide time base control using R-C time constants 
instead of a clock and the term synchronous mode is used here to denote 
such a means of con t ro l . 
In the asynchronous mode the log ica l and control operations are 
sequenced on the basis of the completion of other logical operations 
without regard to how quickly or slowly they occur. This d e f i n i t i o n is 
not exactly the same as in other d i g i t a l appl icat ions, but i t does 
denote the absence of time base con t ro l . In the present appl icat ion the 
operations to be sensed are the motion of the mechanical subsystems 
( i . e . , pos i t i on , p r i n t and carr iage) . Some addit ional considerations 
important to the design of the control c i r c u i t r y can be discussed with 
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(b) Synchronous Mode 
Figure 14. Basic Timing Diagrams 
to 
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Beginning wi th the asynchronous mode of Figure 14a, assume that 
a period of more than a cycle length has elapsed since a key has been 
actuated and that two keys are actuated one a f te r the other at the 
minimum allowable in terva l (cycle length) . A short period must be 
allowed for propagation of the signals generated to the f l u i d i c devices 
d r iv ing the actuators. This time is lumped under "Encode" in Figure 14. 
These s igna ls , which are the s i x - b i t posi t ion code or signals derived 
from the code, then actuate the d i g i t a l actuators to select the charac-
t e r . The time required fo r any f l u i d i c switching and the mechanical 
motion is the so l i d "Posi t ion" l ine in the diagram. Once th is motion 
is complete, as indicated by some means of sensing, the p r i n t motion 
is i n i t i a t e d . The sensing of the successful completion of the p r i n t i n g , 
as indicated from the motion of the type head s t ruc tu re , then allows 
the pressure to be removed from both the posi t ioning and p r in t i ng p is -
tons so that they reset , as indicated by the dashed l ines in the d ia-
gram. Also, at th is instant the carriage motion is i n i t i a t e d and i t is 
completed at the end of the p r i n t cycle. I t i s also possible to require 
reset of the carriage actuating mechanism wi th in the p r i n t cyc le , but 
th is is not done in Figure 14a. However, since the encoding time is 
l i k e l y to be qui te small and repeatab i l i ty of the posi t ion ing motion is 
important, the posi t ion and p r i n t mechanisms should be reset by the end 
of the cycle. 
A s im i la r diagram fo r the synchronous mode control is shown in 
Figure 14b. In contrast to the asynchronous mode above, i f i t can be 
assumed that the mechanical motions are repeatable to a s u f f i c i e n t 
degree so that a mechanical motion begun at the proper instant w i l l 
so 
always be completed wi th in a given i n t e r v a l , then the mechanical motions 
can be i n i t i a t e d and sequenced on a time basis. One basic advantage 
in th is means of control can be observed in Figure 14 where there is 
considerable overlapping in the time a l l o t t ed to each subsystem. The 
resu l t is that pos i t i on , p r i n t , and carriage motions can occur over 
longer periods of time fo r the same cycle length (or equ iva lent ly , the 
cycle length is shorter for the same subsystem actuation t ime) , the 
resu l t being that the actuators can be smaller for the same overal l 
performance. Uote that the posi t ion and p r i n t motions can begin at 
or near the same time so long as the posi t ion motion is accomplished 
f i r s t , and that t he i r reset motions can extend in to the next p r i n t 
cycle. The carriage motion must begin at the end of the p r i n t s t roke, 
out i t s motion and reset can extend well in to the next p r i n t cycle. 
F lu id i c C i rcu i t ry 
Synchronous Mode 
The synchronous mode is the simplest and i t w i l l be considered 
f i r s t . Figure 15 shows the c i r c u i t diagram, and each f l u i d i c element 
is numbered with underlined numbers (e .g . 3) to f a c i l i t a t e the des-
c r ip t i on of the c i r c u i t operation. 
The control c i r c u i t accepts input in the form of pressure pulses 
from the encoder forming a s i x - b i t binary code corresponding to the 
character to be pr in ted. A seventh b i t to d ist inguish upper and lower 
case is required. I t is assumed to actuate a separate pneumatic-mechani-
cal mechanism and is not considered here. As stated at the end of 
Chapter IV, the posi t ion drive conf igurat ion of Figure 4f is to be used. 
Figure 15. Control C i r c u i t , Synchronous Mode 
00 
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The diaphragm ampl i f iers are shown in Figure 15 as 4_ and 6_ for two 
b i t s , the other b i t s being ident ica l but not shown, and the i r control 
pressure is supplied by f l u i d i c f l i p - f l o p s , _3 and 5. When a key is 
actuated and a code generated, th is code is fed to the power ports of 
NOR gates J_ and Z> which then provide control signals to switch 3_ and 
_5. When, for example, _3 is switched, the diaphragm ampl i f iers provide 
pressure to dr ive the binary actuator forward. The res is tor -capac i tor 
combination which is also connected to 3_ as shown w i l l , a f te r a time 
determined by the RC time constant, reset the f l i p - f l o p to i t s normal 
or rest pos i t i on . The net resu l t is to provide a constant pressure 
pulse to the d i g i t a l actuators whose length is set by the RC time con-
s tant . Thus, the elements 2 ana" i . a c t a s a one-shot mu l t i v ib ra to r . 
In order to insure that once a key has been actuated the opera-
t ion of the d i g i t a l actuators w i l l posi t ion the corresponding character 
regardless of fur ther key ac t ion , each b i t passes through iNOR gates 
such as ]_ and 2, These are designated i n h i b i t gates. A signal to the 
control ports of 2 and 2. e f f ec t i ve l y blocks, or i n h i b i t s , a l l s ix b i ts 
so that those b i t s which were zero in the code j u s t generated may not 
be changed by fur ther key act ion. 
I t is necessary, therefore, to generate an i n h i b i t signal a f te r 
the code has been generated and had time to propagate to the f l i p - f l o p s 
_3 and _5. This signal should continue un t i l e i ther the key is released 
or u n t i l the cycle length is complete. This guarantees that the charac-
ter corresponding to the key actuated w i l l be pr inted once and only 
once, and no other keys actuated before release or before the end of 
a cycle w i l l have any e f fec t . In order to generate the i n h i b i t signal 
each b i t of the code is fed to NOR gate 7_ {which would require para l -
le l operation of more than one physical gate unless s ix inputs were 
ava i lab le ) . The output of 7_ (OR or unbiased side) denotes actuation 
of any key. Note that before actuation of the key the output of _7 
has set f l i p - f l o p 8 to dr ive NOR gate K). The NOR gates £ , JO and j j _ 
comprise an AND gate which has an output only i f both 9_ and JO. have 
inputs. Assuming that these inputs e x i s t , the output of JJ_ provides 
a control signal to f l i p - f l o p J£. The switching of ]2_ may be delayed 
by an RC time constant as shown i f i t is required fo r propagation of 
the code from ]_ to _3. The f l i p - f l o p ]2_ and i t s RC time-constant feed-
back determine the minimum cycle length. When ]2_ switches i t immedi-
ately causes NOR gate J_3 to switch and provide the i n h i b i t signal to 
J_ and 2_ (and the other four b i t s , as w e l l ) . The output of J2_ is also 
fed back to f l i p - f l o p § causing i t to be switched. This state of f l i p -
f lop J3 is an ind icat ion that a key has been actuated and the p r i n t 
cycle has been i n i t i a t e d . Now observe that i f the signals _7 and J2_ 
to 8̂  are reasonably well balanced then J3 w i l l not switch to the other 
state i f the key is l e t up before the end of the cycle (as indicated 
by the state of J2_). However, at the end of the p r i n t cycle when J2_ 
resets, the controls signals w i l l be unbalanced on £ and i t w i l l reset. 
Also observe that i f the f l i p - f l o p ]2_ resets at the end of the cycle 
and the key is s t i l l down then the control signals on 8_ are again 
balanced and i t w i l l continue to indicate a key actuated. The output 
of th is state of _8 is fed to J3:. whose output is from the OR side. 
Therefore, an i n h i b i t signal is generated e i ther during the cycle 
length (signal from J2J or while the key is down (signal from 8) . 
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In summary then, the s i x - b i t code may be transmitted to the actuators 
only when a key has a t rans i t i on from up to down a f te r the end of 
the las t cycle and when no other keys are down. 
As seen from Figure 14b, i t is desired in th is mode to begin the 
p r i n t i ng motion at the same time as the posi t ion ing motion. Therefore, 
the output of ]2_ also is fed to f l i p - f l o p _16_. The operations of J6_, _V7, 
18, 19 and ]A_ are the same, respect ive ly , as 8̂ , 9_, J0_, Y\_ and _3» That 
i s , }]_, J_8 and J_9_ are an AND gate which has an output when both ]6_ and 
12 have inputs to _V7 and Jj3. Assume that ]6_ has an input to J8. and ]2_ 
i s switched at the beginning of a cycle to provide an input to J_7. The 
output generated at _[9. ">s then fed to f l i p - f l o p 2 i which switches to 
the proper state to cause p r in t i ng motion by the action of the diaphragm 
ampl i f iers _15_. When ^ s w i t c h e s , i t s output is fed back to 16 which 
also switches, removing the input from J_8 and thus from J_4. The f l i p -
f lop J£ remains in the same state fo r a period determined by the RC 
time constant which feeds back to i t s control por t . The output to the 
p r i n t piston is thus essent ia l ly a constant pressure pulse of a given 
length. The beginning of the p r i n t motion may be delayed a f te r the 
beginning of the posi t ion motion by use of the RC combination between 
}9_ and _V4 i f other design considerations demand i t . When f l i p - f l o p _12. 
resets at the end of the cycle, i t s output also resets ]6_ so that 
another p r i n t motion can occur. However, i t w i l l not occur u n t i l the 
key has been released, the p r i n t cycle has ended and another key 
depressed, since th is is the only way to get ]2_ to switch and provide 
an input to Yh I t may seem that J6_, U.» I S a n d 12. a r e superfluous 
un t i l i t is real ized that i f they are omitted and 12 connected d i rec t l y 
t o J_4» a n d design of the p r i n t mechanism dictates that the pressure 
pulse to ] 5 end before the end of the cycle (which is the l i k e l y case), 
then V4 w i l l not reset to take pressure o f f ]S_t and thus o f f the p r i n t 
p i s ton , because the control signals t o _ l £ w i l l be balanced. With the 
elements intervening between ]Z_ and J_4 th is is not the case, and J_4 
del ivers a pulse of length determined only by i t s own RC time constant. 
The c i r c u i t of Figure 15 then provides the necessary control 
functions to carry out the operations of Figure 14b with the exception 
of the carriage motion. I t is shown in a succeeding discussion on the 
carriage motion that th is is best accomplished mechanically, and is 
therefore not considered here. 
Asynchronous Mode 
The c i r c u i t of Figure 16 comprises a method of achieving control 
on the basis of sensing the completion of the mechanical motions. The 
underlined numbers by each element are fo r reference. The control 
c i r c u i t accepts the s i x - b i t output from the encoder which is applied to 
the power ports of the i n h i b i t gates J_ and 2. Posi t ioning c i r c u i t r y 
is shown for two b i t s on ly , the others being i d e n t i c a l . The output of 
]_ and 2_» when the b i t is a H l " (high pressure) causes the f l i p - f l o p s 
2 and 5_ to be set to cause flow through the diaphragm ampl i f iers to 
the d i g i t a l actuators and thus posi t ion the type head. This pressure 
to the actuators continues un t i l the f l i p - f l o p resets as explained 
subsequently. 
As in the synchronous mode, in order to allow completion of the 
p r i n t cycle without in te r rup t ion from fur ther key actuation the posi-
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Figure 16. Control C i r c u i t , Asynchronous Mode 
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This is accomplished by feeding the s i x - b i t code to the OR gate 7_ so 
that any generated code w i l l set f l i p - f l o p Q_t the output of which 
provides the control signal for the i n h i b i t gates J_ and 2_. Note that 
s ix inputs would be required for _7 so that i t represents at least three 
physical four - input devices. Also observe that the c i r c u i t assumes 
that the signal propagation to j _ and 2_ from 8_ is slower than that 
through J_ to _3* I f t n i s should not be the case, a delay would have to 
oe introduced at the output of £. 
This mode of operation requires that the f i na l posi t ion of the 
type head be sensed. This is not simple since there are as many 
" f i n a l " posit ions as there are characters. In order to determine when 
the motion is complete, i t is necessary to encode the f i na l posi t ion 
and then compare with the code generated by the keys. This comparison 
is shown in Figure 16 where the posi t ion sensor (described subsequently) 
generates a s i x - b i t code corresponding to the f i na l posi t ion of the 
type head. When the f i na l posi t ion is reached, the corresponding b i t s 
of the two codes w i l l be the same ( i . e . , e i ther 1 and 1 or 0 and 0 ) . 
The agreement of ind iv idual b i t s is determined by the b i t comparison 
(BC) blocks in Figure 16. 
The b i t comparison blocks are diagrammed in Figure 17a. Their 
operation can be explained i f F̂  is defined as ind ica t ing agreement 
( l o g i c a l l y ) in the i - t h b i t generated by the encoder and sensor. I f 
M is the i - t h b i t from the encoder and N is the corresponding b i t from 
the sensor, then 
t 
r F i 
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Figure 17. B i t Comparison 
/7 = MN + MN (113) 
is the Boolean equation for each b i t . Figure 17a is an implementation 
of F.j using NOR gates. The output Fj is convenient since the f i n a l 
pos i t i on , denoted as F, is given by the Boolean equation 
F =FrF*'F3-F+-Fe-F4, (114) 
so that the F i are inputs to an AND gate. Using NOR's to make up th is 
AND gate would require the inputs to be inver ted, and so fewer elements 
are needed i f the negated output F̂  is taken. The elements Vo_ through 
19 then implement Equation (114) above and the output of ]9_ is F. 
Figure 17b i l l u s t r a t e s an absolute encoder which could be used 
to encode a l inear motion of the posi t ion ing mechanism. A s imi la r 
scheme can be used for rotary motion. The encoder consists of a moving 
vane with s lots corresponding to the zeros of the binary code. The 
vane shown i l l u s t r a t e s a th ree -b i t encoder. The posi t ion is sensed 
with the back pressure on the three o r i f i ces supplied by a constant 
pressure. Note in Figure 16 that the s i x - b i t s sensed represent both 
motion axes and thus represents two separate encoders. 
The output of J9_» ind ica t ing that the type head has reached i t s 
f i na l pos i t i on , provides the control signal to set the f l i p - f l o p 20_ 
which then drives the diaphragm ampl i f iers 2\_ of the p r i n t d r ive . 
I t can be seen that when no keys are actuated the s i x - b i t encoder 
output and the posi t ion sensor output could agree b i t by b i t . Th is , 
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of course, is s u f f i c i e n t fo r beginning a p r i n t cycle which would p r i n t 
the character corresponding to th is code repeatedly. This s i tua t ion 
can be avoided by making the connection shown in Figure 16 from the 
output of 8̂  to the control port of J jn This makes i t necessary to 
actuate a key to switch 8̂  and remove th is signal to J_5_ in order to have 
an output at _19_. 
In the asynchronous mode, i t is necessary to sense the end of 
the forward p r i n t stroke in order to allow return of the p r i n t piston 
and binary actuators. This sensor can be of the back pressure type 
s im i la r to that of the posi t ion sensor where the o r i f i c e is blocked 
by the type head structure at the appropriate pos i t i on . In Figure 16, 
the output of the p r i n t sensor is used to reset f l i p - f l o p s _3» J> a nd 
20 al lowing the pos i t ion ing and p r in t i ng mechanisms to reset. 
As in the synchronous mode, i t is assumed that the carriage 
motion can be mechanically inter locked so that f l u i d i c actuation is 
not required. However, the asynchronous logic scheme requires sensing 
of i t s completed motion. The output of th is sensor resets f l i p - f l o p 
B_ to release the i n h i b i t gates and lock out the p r i n t subsystem with 
the input to _15_. 
Thus, the c i r c u i t r y of Figure 16 is s u f f i c i e n t to sequence the 
major subsystems of the typewri ter on an asynchronous basis. 
Selection of Control Subsystem 
Having discussed two possible methods of control which are rather 
d i f f e ren t in the i r philosophy and implementation, i t is necessary to 
compare them in the l i g h t of the overal l objectives of the design. 
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The basic c r i t e r i o n is to minimize power consumption and maximize speed 
of typ ing. For th is subsystem the impl icat ions of the c r i t e r i on are 
that the number of f l u i d i c elements should be minimized, since each one 
consumes power continuously, and the delays introduced by the control 
system should be minimized. These delays arise from the switching 
delays of the f l u i d i c elements and transport times of the connecting 
l ines . Maximum delay due to an ampl i f ie r w i l l be shown to be on the 
order of one mi l l isecond, which is neg l ig ib ly small for 30 characters 
per second or less. Line delays are a funct ion of physical locat ion 
of elements and actuators, but are again on the order of one m i l l i -
second or less (the veloc i ty of sound in a i r being about 1000 feet per 
second). 
For comparison on the basis of power consumption i t is only 
necessary to count the number of elements in implementation of each 
mode. The synchronous mode requires 26 elements i f J. 1S counted as 
three elements to account fo r a l l s ix b i ts as input to i t . The 
asynchronous mode requires 52 elements i f ]_ is counted as three elements. 
I t is reasonable to expect that the power consumption of the synchronous 
mode w i l l be only ha l f that of the asynchronous. Of course, the supple-
mental c r i t e r i a of r e l i a b i l i t y , cost , ease of maintenance, noise gene-
a t i on , e tc . are a l l bet ter sa t i s f i ed by the lower number of elements. 
The delays introduced by the control system are not pa r t i cu la r l y 
serious for e i ther mode. The s i x - b i t code propagates through only two 
elements ( e . g . , J_ and 3) "to begin the posi t ion ing of the type head, 
so th is path is neg l ig ib le . The synchronous mode allows compensation 
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fo r any other delay through the RC time constants. However, the gene-
rat ion of the i n h i b i t signal in th is mode traverses seven elements so 
that a delay of ten mill iseconds might be expected. At typing speeds 
of ten characters per second th is is no problem and i s , in f a c t , useful 
since i t gives a delay in the i n h i b i t s igna l . At much higher speeds i t 
would be a serious problem. However, these higher speeds would probably 
only be attained by automatic operation where the i n h i b i t signal would 
probably not be needed. In the asynchronous mode, the only delay of 
s igni f icance is that in the c i r c u i t r y for sensing the f i na l pos i t i on . 
This propagation path includes s ix f l u i d i c elements and connecting l i nes , 
and an estimate of the delay could be s i x to ten mi l l iseconds. At 
speeds o f , say, ten characters per second th is is only a small f rac t ion 
of the cycle length and would not be detr imental . At speeds of 30 
characters per second i t would const i tute about a t h i r d of the cycle 
length and would de f i n i t e l y be a fac tor . 
From the discussion thus far i t could be concluded that the 
synchronous mode has a de f in i te advantage. One basic consideration 
reinains. The synchronous mode assumes that the mechanical motions 
contro l led by the f l u i d i c c i r c u i t w i l l perform the i r functions in a 
given time and with small deviations re la t i ve to the i r design actuation 
times. The asynchronous mode does not ostensively require th is assump-
t ion since the completion of the mechanical motions is sensed. In a 
broader context, however, the asynchronous mode does require repeata-
b i l i t y of the motions, at least to a small f rac t ion of the cycle length 
corresponding to the fastest manual operat ion, since the t yp i s t cannot 
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take into account variations in response of the machine elements. 
Thus, the one basic advantage that the asynchronous mode might seem 
to have, that of guaranteeing completion of each mechanical motion 
in proper sequence, is really of small value. 
Un the basis of this comparison then, the synchronous mode would 
seem to meet the overall criteria best and will be used in the further 
design. 
CHAPTER VI 
KEYS AND ENCODER 
Introduct ion 
Input to the typewri ter is from a standard keyboard consist ing 
essent ia l ly of 44 keys and a s h i f t key to give both upper and lower 
case alphabet, numerals 0 - 9 and certa in marks of punctuation and 
special characters. The space bar and tab key are considered along 
with the carriage motion instead of in th is chapter. The input from 
the keyboard is u t i l i z e d to generate a d i g i t a l code to select the 
character to be pr inted from the type head by means of l i nea r , d i g i t a l 
actuators. This is in accordance with the basic ground rules estab-
l ished in the beginning. I t is also assumed here that the upper and 
lower case are arranged on the type head so that the s h i f t key can 
provide the necessary signal to select the upper case character corres-
ponding to any key. This can be accomplished in a var iety of ways. One 
would be to put the lower case around one hal f the circumference of a 
cy l i nd r i ca l head and the upper case on the other ha l f so that 180° turn 
due to the s h i f t key w i l l allow the same code to select the upper case 
characters. Another scheme would be to place upper and lower case 
characters of the same key adjacent to one another c i rcumferent ia l ly so 
that the s h i f t key would move the head one character space. The d i g i -
t a l actuator would then cause a maximum of 360° ro ta t ion to select 
characters from e i ther case. The f i r s t scheme above would only require 
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a 180° maximum rotat ion by the d i g i t a l actuator. Simi lar var iat ions 
on the axial motion could also be envisioned. Of course, another b i t 
in addit ion to those required for one case could be added to one of 
the d i g i t a l actuators. This would not require separate and indepen-
dent mechanical coupling of the s h i f t key signal to the type head as 
do the previous schemes. For the purposes of the present analysis 
i t w i l l be assumed that the s h i f t key is separately coupled and that 
the d i g i t a l actuators select one of 44 characters by the code genera-
c 
ted. This then requires six bits which can encode 2 or 64 characters 
maximum. 
Coding 
I f the problem of generating the s i x - b i t code is considered from 
the Boolean logic standpoint, i t is seen that any b i t , ot^ has a Boolean 
equation 
* ( = A +A+~ + 0n £-i'",6 (115) 
where the j3 • are keys of the keyboard, and n of them have <xL - 1 in 
t he i r code. That i s , i f any of the keys J3 . is actuated, the b i t oi^ 
is a log ica l " 1 " . The equation then shows that the encoder for a given 
b i t is essent ia l ly a mu l t i - inpu t OR gate, as i l l u s t r a t e d in Figure 18a. 
The number of inputs to the gate depends on which b i t is encoded, the 
arrangement of the type head and the cnoice of a code. This can be 
i l l u s t r a t e d as in Figure 18b. Suppose the type head has s ix rows and 
e ight columns of characters on i t s surface which can be represented by 
a) Single B i t Encoder 
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Figure 18. Aspects of Coding Problem 
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the 6 X 8 matrix shown. Each character has a corresponding s i x - b i t 
code with OL oC2 ex representing the rows and ot^ <*§ ^ 5 the 
columns. Note that fo r the b i t ^ 2 there are 16 spaces in the matrix 
with a log ica l 1. These might be assigned the characters 0 j through 
yB-j5 and the log ica l equation becomes 
Thus, the OR gate fo r #2 would have 16 inputs fo r th i s pa r t i cu la r 
type matrix and code assignment. I f the of3 b i t is considered, i t i s 
seen that 
<*3 = ft+fi0 + " + ftx ("7) 
and so a s ingle key may connect to more than one gate (e .g . /3^ through 
^ 1 5 ) . The number of gates to which a single key provides input may 
be seen by simply noting which b i ts have log ica l 1 in the code fo r that 
matrix pos i t i on . For example, 0^ connects to f i ve gates, as shown in 
Figure 18c. Also shown in Figure 18c are the connections for ^ 1 5 . 
Observe that both keys connect to the input of 0 (3 , but only f3-$2 c o n " 
nects to c(] and ^ 5 . I t is essential that the inputs to any encoder 
gate be iso la ted from one another, otherwise extraneous b i t s w i l l 
appear in the code. That i s , each gate lead must have an e f fec t i ve 
diode to prevent feedback to other leads. For instance, i f j8]$ is 
actuated and there is no i s o l a t i o n , then a l l s i x b i t s may wel l have 
outputs. Fortunately, the construction of Coanda ampl i f ie r input ports 
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is such as to provide e f fec t ive diode ac t ion , because there is essen-
t i a l l y zero gauge pressure at the junct ion of the input por ts . 
Another aspect of the coding scheme is that not a l l the matrix 
posit ions are needed in most cases. There are only 44 keys, but the 
matrix of Figure 18b, fo r example, has 48 spaces. In order to minimize 
the gate leads, which tends to reduce the number of physical gates, 
those spaces having the largest number of b i t s in t he i r code would not 
be used. In Figure 18b these would be those marked ^ 1 5 and ^ ^2* p ^ u s 
two others, say ft^ and fi^* 
In Figure 18 the encoder fo r each b i t i s represented as a s ingle 
logical OR gate. Due to physical design l i m i t a t i o n s , about which more 
w i l l be said l a t e r , i t is common to bu i ld OR gates wi th two control 
ports (gate leads) and i t is possible to have as many as four control 
ports with present technology. In Figure 19 is i l l u s t r a t e d the actual 
implementation of cK^ from Figure 18. This is shown fo r four- input OR 
gates only , and i l l u s t r a t e s the fac t that f i ve OR gates are required i f 
each has four control por ts . I f two-input OR's are used, then f i f t een 
OR gates are required. Since the power consumption is about the same 
fo r two or four inputs , i t i s important which is used. 
A fur ther point for consideration is t h a t , fo r some character 
matr ices, the number of gate leads, and therefore number of amp l i f i e r s , 
can be reduced by using other than consecutive numbering of rows and 
columns. For example, i f the columns of Figure 18b are numbered 0 
through 8 ( in binary) instead of 0 through 7 and the eighth column has 
no characters on the type head, then the t o ta l number of gate leads is 
reduced from 128 to 116. The number of ampl i f iers fo r th is seven b i t 
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Figure 19. Implementation o f Single B i t Encoder 
encoder is 46, whereas the s i x - b i t encoder using consecutive numbering 
as in Figure 18b required 49. This small reduction in the number of 
ampl i f iers is accompanied by the necessity fo r an addi t ional piston in 
the binary actuator and a probable increase in the size of the type head 
due to the blank column. In order to determine whether or not there is 
any advantage in a pa r t i cu la r matrix or coding scheme, i t is useful to 
consider the l i k e l y p o s s i b i l i t i e s and to quant i fy the di f ference in them. 
Table 2 is a comparison of f i ve row and column combinations. I t i s 
necessary to have at least 44 spaces, so 7, 6, 5, 4 and 3 rows are 
considered with the necessary columns to give 44 spaces. Rows and 
Table 2. Comparison of Type Matrices and Coding Schemes 
Matrix - Row x Col umn 
7 X 7 6 X 8 5 X 9 4 X 11 3 X 15 
C MB C MB C MB C MB C MB 
Column Bits 3 3 3 4 4 4 4 4 4 4 
Row Bits 3 3 3 3 3 3 2 2 2 2 
Total Gate Leads 106 106 no 100 105 101 112 108 110 110 
Four-Input Gates 42 42 38 33 35 42 37 34 38 38 
Levels, Four-Input 3 3 3 3 3 3 3 3 3 3 
Two-Input Gates 98 98 102 90 95 91 106 102 102 102 
Levels, Two-Input 5 5 5 5 5 5 5 5 5 5 
C = Consecutive Numbering 
MB • Minimum bits to reduce gate leads 
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columns are interchangeable in Table 2. 
The manner in which Table 2 was developed is best described by 
taking the 6 X 8 matrix as an example. The columns labeled C and MB 
(which stands fo r "consecutive" and "minimum b i t s " , respect ively) re fer 
to the previous discussion concerning the possible reduction of gate 
leads by using non-consecutive numbering of rows or columns. For the 
6 X 8 matr ix , consecutive numbering requires three row b i t s and three 
column b i t s , as shown in Table 2 , and resul ts in 110 to ta l gate leads 
when the unnecessary four extra spaces are omitted from the 48 a v a i l -
able. A l l the data in the table r e f l e c t omission of extra spaces. I f 
one more b i t is added to the column numbering, the MB scheme w i l l resu l t 
in 100 t o t a l gate leads, but th is requires four column b i t s instead of 
three. 
In order to determine the number of ampl i f iers needed, i t is 
necessary to consider the number of leads fo r each b i t out of the to ta l 
shown. These are combined in the manner of Figure 19 to determine the 
to ta l number of OR gates for each b i t . The to ta l for a l l b i t s are shown 
as 38 fo r consecutive numbering and 33 for minimum b i t s i f four - input 
gates are used, and 102 and 90 i f two input gates are used. A l l the 
data on number of ampl i f iers re f lec ts the minimum possible number of 
gates for the necessary number of gate leads. For example, in Figure 
18b the number of gate leads required f o r r t ^ i s 21 (discounting blank 
spaces). I f these are simply combined in a stra ight forward manner as 
in Figure 20a, the resu l t is nine four- input gates. This conf igurat ion 
has equal switching delay fo r a l l the keys. Since there is no advan-
tage in equal delay, i t is possible to el iminate two gates as shown 
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in Figure 20b. This has been done where possible in Table 2. 
Table 2 also gives the number of logic levels in the longest 
propagation path for any b i t of the encoder fo r both two- and four-
input gates. This turns out to be three levels fo r four - input gates, 
as i l l u s t r a t e d by Figure 20 and f i ve levels fo r two-input gates. Thus, 
fo r e i ther type gate the maximum switching delay is on the order of 
three to f i ve mi l l iseconds. 
The coding scheme and type head design which best meet the design 
c r i t e r i a could be selected from the information in Table 2 , except fo r 
the fac t that th is choice also influences in a d i rec t way other portions 
of the posi t ion drive subsystem. Since the space allowed on the type 
head fo r each character i s more or less f i x e d , the dimensions of the 
head are determined by the row-column conf igurat ion; for example, fo r 
three rows and 15 columns, the distance moved to select the highest 
numbered column is much greater than to select the highest numbered row. 
However, the time allowable fo r the motion would be the same and so i t 
is possible that one binary actuator would be much larger than the 
other. I n t u i t i v e l y th is would seem to be a poor choice, but i t must be 
considered in terms of the whole system. A more obvious point i s that 
the weight and moment of i n e r t i a of the head i t s e l f , which forms part 
of the load in the posi t ion drive subsystem, are d i rec t l y re lated to 
the choice of row-column conf igurat ion. A fu r ther point is that some 
of the matrices require a f o u r - b i t actuator which is more complex to 
design and bu i ld than a th ree -b i t device. These considerations j u s t 
mentioned do not allow a f i n a l choice of encoder conf igurat ion at t h i s 
point . However, i t is possible to draw some conclusions with respect 
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to the design objectives of maximum speed and minimum power. 
F i r s t , i t is obvious that the number of OR gates is reduced by 
more than ha l f i f four- input gates can be used. I t is very l i k e l y that 
th is can be done since the demands on ampl i f ie r performance in terms of 
gain and pressure recovery are minimal, due to the fac t that any ampli-
f i e r drives only one other s im i la r ampl i f ie r . As observed before, power 
consumption is about the same for both devices, so power is reduced with 
four- input gates. Secondly, speed tends to be higher for four- inputs 
since there are only three levels of gat ing, although th i s supposes 
equal switching times. This is a less important considerat ion, but 
supports use of four- input gates. As for type matrix choice, the 
decision is not clear cut. The 6 X 8 matrix with minimum b i t s has the 
lowest number of gates, 33, but requires four column b i t s . Other choices 
require up to 42 gates, or an increase of almost 25 per cent in the num-
ber of gates, but i t remains to be seen whether or not th is is s i g n i f i -
cant fo r the overal l machine. 
Key Design 
Input to the encoder is in the form of pressure signals from the 
keyboard. The use of f l u i d i c s in a typewri ter of fers several p o s s i b i l i -
t ies as to key construction which are unique. Some of these possi-
D i1 i t ies are s im i la r to those already in the patent l i t e r a t u r e [ 4 ] . 
Figure 21 shows four poss i b i l i t i e s which could be used, and they w i l l 
be discussed as to t he i r re la t i ve meri ts. 
Since each key might have to supply as many as s i x amp l i f i e rs , 
i t is conceivable that some ampl i f icat ion might be desirable. I f the 
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Figure 21. Key Configurations 
conf igurat ion of 21a were used, where the key consists of a valve 
having some mechanical mechanism such as a s l i d i ng rod covering a port 
to which a i r pressure was suppl ied, i t might be useful to l i m i t the 
flow in order to reduce the size of these mechanical par ts . Such size 
l im i ta t ions might be useful due to necessity fo r close key spacing or 
for improvement of dynamic response of the moving parts when manually 
actuated. 
Flu id ics of fers the unique p o s s i b i l i t y of keys which do not need 
to move in order to type a character. In Figure 21b is shown a key 
which consists simply of an o r i f i c e in a sui table shaped depression. 
The o r i f i c e serves as a vent fo r the pressure supplied from a source 
P. With the key uncovered the pressure at the control port of the NOR 
gate would be too low to cause switching. Covering the key with the 
f inger t i p would raise the pressure and switch the gate to generate a 
character code. The resistance R would be necessary since otherwise 
the large number of other keys connected to P would prevent an ef fec-
t i ve change in control pressure. While th is scheme is unusual, i t would 
require considerable power since flow exhausts cont inual ly through the 
keys and the AOR gates consume power continuously. Also, i t would have 
to be determined whether or not the a i r flow on the typ is ts f ingers 
would be object ionable. 
A means of providing a non-moving key which does not have flow 
out the key or consume power at the key is shown in Figure 21c. The 
bias of a NOR gate is due both to i t s in terna l geometry and to the 
in terac t ion region vent. I f th is vent is blocked, the gate w i l l switch 
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and remain un t i l the vent is opened. The key in th is case would con-
s i s t of an o r i f i c e in a su i tab ly shaped depression which would be 
covered with the f inger t i p . A major d i f f i c u l t y , in the prac t ica l sense, 
wi th th is arrangement is that the vent is normally under a s l i g h t vacuum 
due to the entrainment propert ies of the ampl i f ie r power j e t . Thus, 
dust and foreign matter, such as eraser shavings, could eas i ly be drawn 
in to the system. I t might be possible to f i l t e r these out , but i t would 
be d i f f i c u l t without upsett ing to proper operation of the gate because 
of the pressure drop through any e f fec t i ve f i l t e r . 
The fourth possible key conf igurat ion is the obvious one of a 
simple valve supplying pressure d i rec t l y to the encoder. This is qui te 
feasible i f the flow required to switch the encoder gates is small 
enough. The s l i d i n g stem returned by a spring shown in Figure 21d is 
one p o s s i b i l i t y , and there are no doubt other mechanical configurat ions 
which could be simpler and cheaper. 
There is another general consideration re la t i ng to the choice of 
key conf igurat ions. The schemes shown in Figure 21a and 21d could both 
have an easi ly determined threshold fo r actuation of a p r i n t cycle. 
That i s , a given distance must be t rave led, and thus a given spring 
force reached before a port is uncovered and a character p r in ted . 
Therefore, when the t y p i s t ' s f ingers rest l i g h t l y on the keys during 
a pause in typ ing , no unwanted characters are typed. With the non-
moving keys, especial ly Figure 21c, th is threshold is not inherent 
and must be added. One means of doing so would be to add a moving 
cover fo r the o r i f i c e wi th a spring return to provide a threshold. 
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Although th is might be simpler and more responsive than the valve-type 
keys, part of the advantage and novelty of the non-moving key is l os t . 
Of course, i t might be possible to achieve the threshold by proper shap-
ing of a depression around the key o r i f i c e , but th is would require 
considerable experimentation to achieve sat is fac tory resu l t s . I t is 
conceivable that the non-moving key could have considerable e f fec t on 
typing speed (from the manual operator standpoint) . One would assume 
that speed would improve due to less force being applied by the f ingers , 
but th is would need to be invest igated. 
In conclusion, several key configurations are possib le, both 
with and without f l u i d i c ampl i f i ca t ion . The one shown in Figure 21 d 
is cer ta in ly the simplest and would consume the least power, thus 
conforming to tnat overal l design c r i t e r i a . However, configurations 
(b) and (c) with no moving parts might wel l have the best response time 
and thus contr ibute bet ter to the c r i t e r i a of maximizing speed. The 
f i na l decision w i l l be l e f t u n t i l some quant i ta t ive evaluation is made 
in conjunction with the overal l model. 
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CHAPTER V I I 
COMPUTER MODEL 
Introduct ion 
One of the purposes of th is invest igat ion is to consider the 
typewri ter as a complete system and to ind icate a preferred design as 
determined from the overal l design c r i t e r i a of maximum speed and 
minimum power consumption. In the previous chapters, the major sub-
systems defined in Figure 3 (except the carriage and pneumatic power 
supply) have been considered and the i r preferred configurations defined. 
However, no information as to the numerical values of s i ze , speed, 
power consumption or other parameters were defined fo r the overal l 
system. Furthermore, some questions s t i l l remain as to the makeup of 
the keys, encoder, carr iage, and power supply which w i l l be determined 
by the consideration of the system as a whole. 
I t is the purpose of th is chapter to develop a set of design 
calculat ions based on the previous discussions and some fur ther choices 
as to the form of the mechanisms. These calculat ions w i l l be used to 
evaluate the e f fec t of the various parameters of the system in meeting 
the design c r i t e r i a , and thus to define a preferred system. This 
procedure w i l l also provide information from which to design the com-
pressor and accumulator. The design calculat ions w i l l be developed 
by considering each subsystem in t u r n , and re la t ing i t s parameters 
mathematically to the overal l c r i t e r i a . These re lat ions w i l l be 
combined in to a computer program to f a c i l i t a t e evaluation of the 
various parameters. 
Before proceeding with the design ca lcu la t ions , i t is necessary 
to consider the problem of pressure levels and pressure matching in the 
overal l machine. I t is conceivable that the supply pressures to i n d i -
vidual f l u i d i c devices and actuators be allowed to take whatever value 
might be advantageous, and thus demand numerous pressure levels in the 
machine. Such a s i tua t ion has basic disadvantages from the standpoint 
of pneumatic power supply. To supply a m u l t i p l i c i t y of pressures 
requires e i the r (1) mul t ip le compressors, which is not feasib le for th is 
app l i ca t ion , (2) a multistage compressor with bleeds at various stages, 
which could be done but would be complex and cos t l y , or (3) a s ingle 
compressor wi th pressure regulat ing and reducing valves, which would be 
both cost ly and i n e f f i c i e n t . A l l of which says that i t is very desir-
able to l i m i t to as few as possible the number of d i f f e ren t supply 
pressure leve ls . 
I t has been determined in the previous chapters that the overal l 
system would u t i l i z e both Coanda pu re - f l u i d i c devices and diaphragm 
ampl i f iers as the f i n a l drive ampl i f ie rs . I f only one or the other were 
used i t i s possible that only one pressure level would be needed, but 
i t has been shown that a very s i gn i f i can t power reduction is made by 
using diaphragm ampl i f i e rs , and th is design aspect w i l l be reta ined. 
I f a l l the ampl i f iers were of the diaphragm type, a great many more 
ampl i f iers would be required. For example, Jensen [16] shows a NOR 
gate using diaphragm elements which would require s ix complete physical 
I l l 
elements fo r a four- input NOR, and four is the largest fan- in success-
f u l l y used. Thus, an encoder of 40 gates would require 240 diaphragm 
elements. Such complexity is hard to j u s t i f y , i f there are not great 
disadvantages in Coanda devices. 
One disadvantage to Coanda devices is the pressure recovery of 
only about 25 to 40 per cent in most commercially avai lable devices. 
Restr ic t ion of the power j e t to less than sonic ve loc i ty implies a 
maximum supply pressure of approximately 12 ps ig , which produces three 
to f i ve psig output pressures. Use of a l l diaphragm elements might 
permit higher pressures, but i t is not clear that th is fol lows since 
th is means higher stresses on the th in p las t i c diaphragms, which could 
be damaged over a long per iod. Maximum operating pressure fo r the 
diaphragms would have to be experimentally determined. 
Based on the foregoing considerat ions, i t i s reasonable to accept 
c i r c u i t r y of both Coanda and diaphragm devices as shown in Figures 15 
and 19. To determine the number of supply pressures necessary, re fe r -
ence is made to Figure 15. I f , for example, a nominal 25 per cent 
pressure recovery fo r Coanda ampl i f iers is assumed, consideration of 
the pos i t ion-dr ive ampl i f iers 3_ and _4 shows that the maximum control 
pressure to the diaphragms is about three ps ig , assuming sonic ve loc i ty 
in the Coanda supply j e t . This means that the maximum supply pressure 
to the diaphragm device is also three ps ig . Further, i t requires two 
supply pressures of approximately three and 12 ps ig . I f i t is also 
assumed that the pressure gain of the Coanda devices is about four , 
then tne control pressure for 3̂ would be 0.75 ps ig . Since th is pressure 
is supplied from the i n h i b i t gate j_» whose supply is the output o f the 
encoder f i na l stage, the assumptions concerning gain and recovery d i c -
tate that the encoder f i n a l stage supply pressure also be 12 ps ig . I t 
can be shown that the other Coanda devices can a l l be operated from 
three ps ig , so that the f i n a l resu l t is that two supply pressures, Ps 
and 4PS are required for the general c i r c u i t configurations developed 
so fa r . The value of Ps is yet to be determined. Subsequent work in 
th is chapter w i l l r e f l e c t th is resu l t . 
Key Interface 
In Chapter V I , several p o s s i b i l i t i e s f o r keys and means of 
d r iv ing the encoder were discussed and shown in Figure 21 . In order to 
select one of these configurations on the basis of the design c r i t e r i a 
i t is necessary to determine power consumption fo r the associated ampli-
f i e r in te r face . I f these ampl i f ie r are used, they must dr ive from one 
to s i x ampl i f iers on the f i r s t stage of the encoder. The energy per 
cycle fo r a given inter face ampl i f ie r is 
W= PSQST, (118) 
I t i s assumed here that the cycle length is ident ica l wi th T r , the to ta l 
motion time for the actuators. I t can be seen that th is is true from 
Figure 14b, i f i t is assumed that no time tolerance is required 1n 
designing the mechanical actuators. 
I f the control pressure and flow for an encoder f i r s t stage 
ampl i f ie r is assumed to have a l inear output charac ter is t i c as in 
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Figure 22, then by superimposing the encoder ampl i f ie r input character-
i s t i c , the size of the inter face device can be determined. From Figure 
22 
P = P. m - £?L (119) 
n t 
Since 
Pm^vP* <?„=<?* (120) 
which assumes incompressible flov; downstream of the power nozzle, and 
Qs = f*qd*/f>s (121) 
by subs t i tu t i ng Equations (120) and (121) in to (119) and solving fo r d , 
the power nozzle character is t ic dimension is given by 
Interface Ampl i f ier Output 
Encoder Ampl i f ie r Input 
Figure 22. Interface Ampl i f ie r Matching Conditions 
(122) 
For given supply conditions Pc and T , i t i s possible to compute the 
** s 
ve loc i ty and density at the nozzle throat i f atmospheric pressure is 
assumed at the th roa t ; see Shapiro [ 35 ] , 
I t is also possible to get an estimate of the switching time 
delay or response time once v and d are known. Comparin [10] gives some 
information which relates the response time to size and nozzle ve loc i ty 
through the Strouhal number 
response time v t r (123) 
S L t ransport time / 
Since length / is related to d for a f i xed geometry, t r can be determined 
fo r a given NSL . 
These calculat ions can be summarized by Figure 23, which shows 
the input quant i t ies required, the conputation equations and the output 
information in a block diagram form, which is a part of the to ta l sys-
tem design computation. 
Encoder 
In Chapter V I , some information was developed showing the num-
ber of f l u i d i c devices necessary fo r the encoder and how th is number 
might be minimized (Table 2 ) . In order to best meet the minimum power 
c r i t e r i o n , i t is also necessary to minimize the power consumption of 
each of the encoder gates when operating at the speci f ied supply 
pressure, P . Small [26] and others have pointed out that there is 
Nm = f^5[^/^°^
J<&-/]}°'3' 
T, = Ts [/* 0.2 h£Y' 
c - 4 2 O? £ " v -Nm<z 
r> RTs 
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Figure 23. Key Interface Computation Block 
l l f f 
a minimum Reynolds number at which Coanda devices operate proper ly, 
and that i f minimum power consumption is desired the device should 
be operated at that minimum. Minimum Reynolds numbers are generally 
in the t rans i t i on and turbulent region from approximately 1000 to 5000; 
see Comparin [10 ] , A l a te r paper [11] by th is author describes at tach-
ment at much lower Reynolds numbers; however, the geometry involved 
was qui te d i f f e ren t from that of more conventional ampl i f ie rs . For the 
purposes of th is computation, i t w i l l be assumed that the size of the 
ampl i f iers is determined by the supply pressure and a Reynolds number 
in the range 1000 - 5000. 
The energy per cycle for the encoder is given by 
Wz = nzRsQsTr +6(4Ps)Q'sTr (124) 
In order to compute w~ i t is necessary to know the volume flows Qs and 
Q' s . These can be computed in much the same way as fo r the key i n t e r -
face. The throat ve loc i ty is computed from i n l e t conditions and throat 
pressure. The ampl i f ier size can be computed from the de f i n i t i on of the 
Reynolds number, whose value is known, and the throat v iscosi ty which 
is computed from Sutherland's formula, as given in Blackburn [36 ] , For 
the f i n a l stage ampl i f iers operating at 4PS, the calculat ions are exactly 
the same except that the i n l e t pressure is higher. The design Reynolds 
number is the same. In order to compute the key in ter face ampl i f ie r 
size in Figure 23, the encoder control flow and pressure are required. 
The pressure is computed from the ampl i f ie r pressure gain and recovery, 
and the flow by assuming that the control port size is the same as that 
of the power j e t . Throat ve loc i ty can then be computed in the same 
manner as the power j e t ve loc i ty . The equations required for the 
encoder calculat ion are summarized in block diagram form in Figure 24. 
Control C i rcu i t r y 
The computations involved in computing the energy per cycle f o r 
the control c i r c u i t r y 
W3=i3PsQsTr +7(4P*)&Tr (125) 
are the same as for the encoder as shown in Figure 24, wi th the excep-
t ions that the number of ampl i f iers is f ixed and no calculat ions fo r 
control pressure and flow are required. The computation block of 
Figure 24 w i l l not be repeated. 
Type Head Rotary Posit ion Drive 
In Chapter I I I i t was shown that the f i n a l drive conf igurat ion 
winch best s a t i s f i e d the overal l design c r i t e r i on was that shown in 
Figure 4 f . In order to i l l u s t r a t e the ef fects on machine performance 
of th is conf igurat ion which can perform the required task and is com-
patable with the other necessary typewri ter funct ions. The mechanism 
used in the computations fo r th is subsystem is shown in Figure 25. 
Simi lar schemes for th is purpose have been used on commercially manu-
factured typewriters and te letypes. 
The type head is shown mounted on a ver t i ca l shaft which is free 
to move both ro ta t i ona l l y and ax ia l l y in a carriage yoke. The ro ta t ion 
o 
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Figure 25. Rotary Drive for Type Head vc 
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of the head is due to the d i g i t a l actuator motion which provides the 
force F~ to pivot the arm about center B. The arm is connected to 
the type head by means of a f l e x i b l e cable which wraps around the 
pul ley. The spring on the end of the cable returns the head and actua-
to r when pressure is released. Due to the pulleys on the arm and s h i f t 
lever, tne carriage can be moved along the platen wi thout ro ta t ing the 
head. When the carriage is locked at a p r i n t pos i t i on , motion of the 
arm rotates the type head. Also shown is the s h i f t lever which, when 
rotated about axis C by a dr iver which is not shown, w i l l also rotate 
the type head in such a way that the d i g i t a l actuator motion w i l l select 
upper case characters. Pr in t ing is accomplished by ro ta t ing the carriage 
yoke about the cable center l i ne to br ing the type head against the 
platen. Several geometric parameters and forces are defined by Figure 25 
for use in der iv ing an equation of motion fo r the subsystem. 
The general equation of motion for the system of Figure 25 is 
Equation (79) where m and k are the equivalent mass and spring constant. 
The actual equation of motion gives expressions for m and k in terms of 
the parameters of Figure 25 is 
F = [/77̂  ^ A . I„ +I^Lf'(Ic+I„) (126) 
+ \2£IL^ ks xs 
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This equation is derived from simple force and torque summations to 
compute force F which is provided by the actuator. I t assumes that 
<9a5 is small and the cable is long, as wel l as that the arm can be 
treated as a long slender rod to compute I 5 about axis B. The 
bracketed mu l t i p l i e r of 'xV then becomes, by comparison wi th Equation 
(79) , the equivalent mass m, and the bracketed mu l t i p l i e r of Xc is the 
equivalent spring constant, k, 
The energy per cycle for th is subsystem is 
w5 « f$Asxs(Tk) (127) 
I t is necessary to have values for the three factors of th is equation. 
The pressure, P$ , is arb i t ra ry at present. The piston t r a v e l , x (T) f 
i s , for a worst-case design, that required to rotate the type head 
through a f u l l set of characters. This can be found from the geometry 
as 
X3(T)= - & ^ * e/s(Ts) (128) 
For a given T and T r > the time T can be found from Equation (18). Now 
observe that i f the dimensions of the components of Figure 25 are known, 
then the equivalent mass, m, can be computed from the f i r s t term of 
Equation (126). Then k can be found from Equation (19). However, the 
mass, m, includes the piston mass, mp 5 , which re f lec ts the size of p i s -
ton required to sa t i s fy the forward stroke t ime, T, for the size com-
ponents chosen. A more rat ional procedure would be to f i r s t assume the 
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piston massiess and compute the system mass, m. Then from Equation 
(19), k can be determined. Having found k, the piston area can be 
found from Equation (80) as 
A = XsiTslk ( 1 2 9 ) 
Then by assuming a geometry for the piston in order to compute the 
mass, in f-i the system mass can be corrected to include m _. By 
P̂  Pb 
i t e r a t i n g th is procedure a consistant set of parameters can be found 
to define tiie subsystem geometry. 
The piston geometry chosen was a cy l i nd r i ca l cup (one end open) 
with the diameter equal to the length, and wal l and end thickness equal. 
Having found the proper k, the actual spring constant can be 
found by combining second term of Equation (126) wi th Equation (19) to 
get 
K = / P -rrv* 





In order to size the diaphragm elements which dr ive the d i g i t a l 
actuator, i t is desirable to know the flow through the element. I f 
incompressible flow is assumed, Equation (3) can be combined wi th the 
der ivat ive of Equation (80) to give 
fcfc'-SS^fcSd (l3l) 
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which would be the maximum flow for T ^ 2 , 
These calculat ions are summarized as Figure 26, in which the 
calculat ions for moments of i n e r t i a are omitted but are a necessary 
f i r s t step in the procedure. Two other decisions were necessary wi th 
regard to the calculat ion of m. F i r s t , i t was assumed that the type 
head was a hollow cyl inder with both ends closed and constant wal l 
thickness. Second, the computed piston mass was mu l t ip l i ed by three 
to account fo r the three pistons in the actuator. More about th is w i l l 
be said wi th regard to the actual computations. 
Type Head Axial Posit ion Drive 
The general scheme for the axial motion mechanism is very s im i la r 
to that of the rotary motion. Axial motion is achieved by having c i r -
cular rack teeth cut on the end of the type head shaf t . This rack 
engages a toothed sector which is rotated to drive the shaft upward. 
Figure 27 i l l u s t r a t e s th is mechanism. The toothed sector is r i g i d l y 
connected to a cable as shown. Motion of the d i g i t a l actuator rotates 
the arm about i t s p ivo t . Since the cable end is fastened to the carriage 
yoke, which is held at the p r i n t pos i t i on , the arm motion rotates the 
sectors and drives the type head. Due to the two cable pu l leys , the 
carriage can be moved along the cable to a new p r i n t pos i t i on . P r in t -
ing motion would be accomplished by ro ta t ing the carriage yoke about 
the cable center l i n e . This means that the cables causing axial and 
rotary motion must be approximately col inear. Figures 25 and 27 do 
not show th is re la t ionship e x p l i c i t l y for the sake of c l a r i t y in the 
i l l u s t r a t i o n s , but i t is possible to bu i ld the mechanisms in th is way. 
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Figure 26. Type Head Rotary Drive Computation Block 
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Figure 27« Axial Drive for Type Head 
The return motion of the type head and actuator is due to the spring 
connected by a short cable to the sector assembly and anchored to 
the carriage yoke. 
The development of the computational block for the axial motion 
follows exact ly that for the rotary motion. The resu l t ing equations, 
with the exception of those fo r moments of i n e r t i a , are given as 
Figure 28. 
Pr in t Drive 
A p r i n t dr ive mechanism to accomplish p r i n t i ng which is compat-
ib le in funct ion wi th the rotary and axial type head drives is shown 
in Figure 29. The carriage supports the type head with i t s bearings, 
the rotary motion pu l ley , and the axial dr ive cable and gear tooth 
sectors. The yoke is pivoted about the type head motion cables on a 
carriage body, which is not shown. The yoke is also supported by the 
l i nk connected to the co l l a r on the actuator shaf t . Pr in t ing is 
accomplished when the piston drives the arm to rotate the actuator 
shaf t . This motion is transmitted to the l i nk and yoke, d r i v ing the 
type head to the p laten. The carriage moves to a new p r i n t pos i t ion 
when the carriage body is driven along the p laten. The co l l a r on the 
actuator shaft i s keyed or spl ined to the shaft to permit axial motion 
and s t i l l provide d r iv ing force to the yoke. 
Since the carriage yoke serves to combine the actions of the 
axia l and rotary type head drives and the p r i n t d r i ve , i t i s apparent 
from Figures 25, 27 and 29, that some of the components of these three 
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To begin w i t h , the distance from the p r i n t head center l ine to the yoke 
p ivot l i ne must be r15 to prevent changing the type head posi t ion by 
the p r i n t i ng motion. This is seen in the side view of Figure 29b. 
A lso, the cable sector fo r the axial motion must be tangent to th i s 
yoke p ivot l ine and the toothed sector must be mounted on the head 
center l ine. In Figure 29b, the type head is shown in the posi t ion of 
maximum axial motion which resul ts in the maximum moment of i n e r t i a 
fo r p r i n t i n g . Since th is requires a stroke of approximately / c , the 
distance from the type head to the yoke is also / . Some sketching 
to approximately the expected dimensions w i l l show that the two v e r t i -
cal distances shown as £Q/Z are reasonable choices. 
In order to compute the moments of i n e r t i a required for the 
equation of motion, i t is necessary to determine the rad i i shown in 
Figure 29b. I t can be seen that wi th the exceptions of r,7 and r „ 7 
these can be computed as functions of r15 and * c , which is simpler 
than speci fy ing each ind iv idual dimension of the component pa r t s , and 
which also relates the type head dimensions to the rad i i shown. As a 
matter of record the re lat ions used in the computations of th is chapter 
are shown in Table 3. In addit ion to these, i t is assumed that x7 and 
y 7 are small so that the angles of ro ta t ion are smal l . 
As a fu r ther prel iminary to the equation of motion, note that the 
moments of i n e r t i a required fo r those components on the yoke are about 
the cable (p ivot ) center l ine of the yoke. For most of the components 
th is is simply a matter of using readi ly avai lable formulas and the 
t ransfer axis theorem. For the type head i t s e l f a formula fo r the 
Table 3. Geometric Relations fo r Pr in t Drive Subsystem 
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moment of i n e r t i a through a th in shel l about an axis through the center 
of gravi ty and perpendicular to the axis of symmetry is required. A 
b r i e f der ivat ion is given in Appendix C. 
Having establ ished a geometric basis fo r the computations, i t 
w i l l be remembered that the energy per cycle for the p r i n t subsystem was 
determined in Equation (84) as 
* - ^^L=mf 
where e(l) is a known constant. Since fo r a given T , <p is known, w7 
is f i xed for th is subsystem by T . I t remains to determine the size 
actuator needed, the spring constant, and the value of ZyfT) , which can-
not be chosen independently since the f i na l ve loc i ty of the type head at 
impact is f i xed . 
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Qy w r i t i n g the equation of motion, the equivalent mass is deter-
mined as 
m = (jgjyf
 Jc + Wert +ISH + "hnrfj +IY +"?yrf7 (132) 
+I„ + mpir% +£~7*{X5 +Ia + O.ZSmJ?) + mP7 
This der ivat ion neglects the e f fec t of the axial motion sectors which 
are l i g h t in weight and close to the axis of ro ta t i on . The equivalent 
spring constant determined from the equation of motion is 
K**k7 (133) 
In order to compute a consistent set of parameters, an i t e ra t i on for 
riLy can be carr ied out as in the rotary and axial dr ives. This requires 
determination of the actuator piston s ize . The actual equation of 
motion from which (132) and (133) are found has the form 
mx + kx = F>A - m'q JJZ— (134) 
* £5£7 
where 
m' — rnc + mSH •#• rnY + mt (135) 
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This addi t ional force due to the weight of the components on the yoke 
has the e f fec t of increasing the piston s i ze , as can be seen by com-
paring the area determined by the solut ion of Equation (134) 
A = x7(T-r)k7 m'$r/7 
Ps ( I - cos j>) 2.5J27P5 
(136) 
wi th that determined from the solut ion of the general Equation (79) , 
which resul ts in the form of Equation (129). However, in th is sub-
system Xy(Ty) is not an input and A7 is computed by combining Equation 
(136) with 
w-, = PA -
 m'9r*7 x7(T7) (137) 
and solving for A . This resul ts in a quadratic in A and the resu l t is 
A l Z.5P*£7 \R*(l~cos<p)\ 
a.£ 
(138) 
The equivalent spring constant is determined by 
K =* <pzm T - 2 . (139) 
which then allows Equation (136) to be solved fo r A and the piston 
diameter. Using the same piston geometry as in the rotary and axial 
motions the piston mass m 7 can be found. Then having found a con-
s i s ten t set of parameters, the distance Xj(Ty) can be found by 
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rearranging Equation (136), and from th is value and the geometrical 
re lat ions of Table 3, 1-, can be found. 
I f i t is desirable to dr ive the carriage yoke over only a part 
of the p r i n t s t roke, then an adjustment in €(T) is required. This mode 
of operation might be helpfu l in providing uni formity of p r i n t i ng since 
the type head would s t r i ke the platen in " f ree f l i g h t " and be able to 
rebound with less in ter ference. In such a case the k ine t i c energy 
achieved at impact would be 
KEU7) = a5I%(T7l\ (140) 
where I ' is the term in brackets in Equation (132) and represents the 
yoke and components mounted on i t . Considering Equations (132) and (7 ) , 
i t can be shown that 
KE(T7) - KE'fc) m 
\Z5£7 
( H I ) 
and from Equation (10) 





The value of KE'(Ty) is the previously speci f ied 10 ergs. 
The computations, then, which represent the p r i n t subsystem are 
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shown in Figure 30, and are in addit ion to Table 3 and the moment of 
i ne r t i a ca lcu la t ions. 
Diaphragm Ampli f iers 
The o r ig ina l assumption wi th respect to the diaphragm ampl i f iers 
fo r the f i na l dr ive to the actuator pistons was that they had negl ib le 
pressure drop over the r idge. In order to determine an approximate size 
to meet th is condit ion i t is necessary to know the flow ra te . For a 
worst-case design, the maximum flow rate fo r each of the a x i a l , rotary 
and p r i n t actuators was determined. The largest of these three flows 
then determines the size i f the ampl i f iers are standardized to a single 
s ize . 
The operating character is t ics of the diaphragm devices have been 
described mathematically by Jensen [17 ] , I f an ampl i f ie r with a round 
cavity and s t ra igh t ridge is chosen, then Jensen shows that 
"•-% ffcc ['-ir* 
where RQ i s the ridge resistance defined by 
/? = — j£ = ^ ' * (144) 
at zero control pressure. Tne quant i ty HQ is the i n i t i a l tension in 
the diaphragm. Jensen found that 0.1 l b / i n . was a reasonable value 
for rtQ when using 0.002 inch thick polyurethane f i l m as a diaphragm. 
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Figure 30. Print Drive Computational Block 
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pos i t ion . I f the switch-open point of the ampl i f ie r occurs at a 
control pressure of P s /3 t the value of £ is approximately 0.259rd . 
In order to determine a value for R0, i t was assumed that the pres-
sure drop in Equation (144) was one per cent of Ps and Q was the 
maximum for any subsystem actuator. Equation (143) can then be 
solved for r^, which is the basic ampl i f ie r dimension. 
Carriage Motion 
The function of the carriage is to posi t ion the type head at 
predetermined p r i n t posit ions along the p la ten. Carriage movement 
takes place when any character is typed, when the space bar is depressed, 
when the tab key or back-space key is actuated, or when the carriage 
must be returned to the beginning of a l i n e . The posi t ion of the 
carriage in most typewriters is determined by a rack and pinion arrange-
ment in conjunction with an escapement mechanism. Because of the 
required accuracy and long to ta l t ravel of the carr iage, th is general 
arrangement or an adaptation of i t w i l l be reta ined. 
Energy to move the carriage can be supplied in several ways. The 
common way is to dr ive the carriage forward a f te r each p r i n t s t roke , or 
f o r tabu la t ion , with a sp i ra l power spring or constant force Negator* 
spr ing. Return power is provided manually or e l e c t r i c a l l y . Conversely, 
i t would be possible to drive the carriage forward to space or tab by 
pneumatic power ( in the case of f l u i d i c typewri ters) and return and 
*Hunter Spring Company 
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back space with spring energy. From a power minimization standpoint 
there is no d i f ference. I t would also be possible to el iminate the 
spring and use pneumatic power in both d i rec t ions . This l a t t e r means 
has some disadvantage in that an addi t ional pneumatic actuator is 
required which is probably more cost ly than the spr ing. Of the former 
two, there is no di f ference in components or complexity and the more 
common power-return was chosen. 
In the previous sections describing the type head motion drives 
and p r i n t i ng d r i ve , i t is obvious that the carriage would consist only 
of a moving frame, the yoke and type head along with the associated 
drive components (see Figures 25, 27, 29) , and the escapement mechanism 
(not shown). In a c t u a l i t y , th is may not be true since i t is possible to 
mount the pneumatic actuators and diaphragm ampl i f iers on the carriage 
body and connect with f l e x i b l e control tubing. This w i l l depend on 
t he i r size as required fo r dynamic performance and the dynamic perfor-
mance required of the carr iage. The mechanisms shown in Figures 25, 27, 
and 29 allow consideration of the p o s s i b i l i t y that the actuators must be 
mounted o f f - ca r r iage , hounting on the carriage would then be a s imp l i f v 
ca t ion , mechanically and computationally, which is easy to formulate. 
A workable scheme for d r iv ing the carriage in both d i rect ions i s 
shown in Figure 31. I f i t is assumed that the carriage moves with 
negl ib ie f r i c t i o n and the spring is of the constant force type, then the 
equation of motion is 
mka = Fk (145) 
Support Roller 
Yoke Pivot £ 
Return Drive Cylinder 
(length equal to carriage 
t rave l ) 
Negator 
Figure 31. Carriage Drive Mechanism 
where F i s the spring force. The solution can be written ( t = T.) 
F*= -T§- X*(T,) (U6) 
T» 
Since th is describes the forward motion fo r each space a f te r p r i n t i n g , 
the value of XQ(TQ) is one p r i n t space. A common value is 0.1 inch 
(10 characters per inch) . The value of T is the same as T r fo r the 
other subsystems i f the time required to actuate the escapement is 
neglected. The remaining quanti ty needed to determine the spring force 
is the equivalent mass, m. This includes the carriage body, the yoke 
and a l l parts mounted on i t , and the return piston (the moment of 
i n e r t i a of the pulleys is neglected.) I f the type head motion d i g i t a l 
actuators or p r i n t actuator are placed on the carr iage, t he i r mass would 
be included. To be consistent wi th the previous subsystem d e f i n i t i o n s , 
these are assumed not to be on the carriage u n t i l some numerical data 
has been generated. 
On the carriage return l e t the equation of motion be 
%As ~ F* +m% (147) 
where y is the motion co-ordinate. I f th is equation is solved and 
subst i tu t ion made from (146) for F. , the resu l t is 
fcOTj= [5da -*4£\& (148) 
Since for a worst case design yo(TQ^) i s the maximum pr inted l i ne length 
( e . g . , 10 inches), the only unknowns in Equation (148) are Ag and m. 
Since m is a function of Ag through the piston mass, the same i t e r a t i v e 
procedure as before w i l l y i e l d a consistent set of values. 
The c r i t e r i on of minimum power consumption is not applicable to 
th is subsystem in quite the same way as fo r the others since the forward 
motion in p r i n t i ng i s due to a spring in which energy was previously 
stored. I t is desirable to reduce power consumption fo r the carriage 
mechanism, but th is can only be done by reducing the mass and increasing 
return t ime, both of which have l im i t a t i ons . Moreover, th is subsystem 
uses power when the other output devices are not being used, so that as 
long as i t does not increase the required power over that already ava i l -
able, i t s power level need not be minimized. However, the amount of 
power or energy used by the carriage motion per p r i n t cycle can be com-
puted. For the energy per cycle the equation is 
" * = FKXJT*) (149) 
Computation of w8 allows including the e f fec t of carriage power in the 
overal l system. 
The equations used in the computations for th is subsystem are 
summarized in Figure 32. 
Total System Power 
In order to have a measure of the to ta l system power consumption 
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Figure 32. Carriage Drive Computational Block 
consumption was computed from 
w - TT'E wj (]50) 
This is the average power level which is ind icat ive of the load on the 
pneumatic power supply. 
Overall System Design 
The calculat ions denoted by the equations of the computational 
blocks of the previous sect ions, along with ind iv idual component mass 
and moment of i n e r t i a computations, were combined in to a computer pro-
gram to f a c i l i t a t e evaluation of various parameter combinations in terms 
of the overal l design c r i t e r i a of maximum speed and minimum power con-
sumption. The actual program w i l l not be given since i t is s t ra igh t -
forward and simply incorporates the computational blocks. A flow 
diagram for the program is given in Figure 33. In th is flow diagram 
the i t e r a t i v e calculat ions for piston size w i th in the blocks are not 
shown. Since the operating pressure and typing speed (characters/second) 
have an e f fec t on the overal l machine in terms of ampl i f ie r power con-
sumption and actuator size and power, they were chosen as the basic 
variables for i t e r a t i o n in the program. The e f fec t of other parameters 
was studied by changing the data input . The dashed l ines of Figure 33 
simply i l l u s t r a t e the dependence of the diaphragm ampl i f iers and 
carriage motion on previous subsystems and do not represent program 
f low. The outputs of the program were the quant i t ies shown as outputs 
of the computational blocks. In addi t ion the system power l e v e l , 
( S t a r t ) 
( Read'oatl") 
Pc = I n i t i a l Value 
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Figure 33. Computer Program Flow Diagram 
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Equation (150), certain maximum flow ra tes , and the values of each 
term in the equivalent mass equations of the ro ta ry , a x i a l , p r i n t 
and carriage subsystems were pr inted out. These l a t t e r values allowed 
ins ight in to means of improving performance or reducing power consump-
t i o n . 
In order to use the program an i n i t i a l set of input parameters 
was chosen and then modified in accordance wi th the resul ts of the 
computation in an attempt to e i ther improve performance or reduce s ize. 
The i n i t i a l set of input dimensions was chosen so that the components 
could conceivably be put in a volume approaching a commercial o f f i ce 
typewri ter and would have s u f f i c i e n t s t ruc tura l s t rength. 
The type head dimensions were based on a 7 X 7 matrix al lowing 
a 0.2 inch square space for each character. Other parameters are 
chosen to sa t i s f y relat ionships which have been discussed previously 
in the developments of the various subsystems. The i n i t i a l parameters 
are l i s t e d in Table 4. Complete sets of parameters w i l l not be l i s t e d 
hereaf ter , but rather changes in the set w i l l be noted. 
The f l u i d ampl i f ie r size fo r the encoder and control c i r c u i t as 
characterized by the power nozzle throat w id th , d , varies wi th supply 
pressure and Reynolds number. Key inter face ampl i f ie r size is deter-
mined from load requirements. Figure 34 shows the range of sizes for 
various values of Ps and Re. The range of size shown from 0.001 inch 
to 0.035 inch or more covers many commercially avai lable devices, the 
smaller sizes ( 0.010") being close to the l i m i t of p rac t ica l f a b r i -
cat ion. Size decreases with Re, and ampl i f iers corresponding to 
Overall System: 
Recovery = <r= 0.25 
Aspect ratio -^ - 1.0 
Reynolds No. = Re = 2500 
1 
Characters/sec. = " = 5 
' r 
In ter face: Number of ampl i f ie 
Encoder: Number of ampl i f iers = 
Type Head: 
Outside radius = rc = .450" 
Inside radius = r̂  • .325" 
Length = Hc = 1.400" 
Rotat ion: 
Pulley radius = r15 = 0.5" 
Pulley radius = r25 = 0.5" 
Pulley thickness = 0.125" 
Max. angle = ^ 1 5 ( T 5 ) = 2.69 ra< 
Time ra t i o = T & = 3.0 
Ax ia l : 
Sector radius = r , , - 1.0" 
lb 
Sector radius = r2g • 1.0" 
Sector radius = r% = 0.5" 
Sector thickness = 0.125 
Strouhal No. = NSL = 15 
Supply flow temp = Ts ~ 70°F 
Supply pressure - Ps = 1.0 psig 
Speci f ic wt. =Y= 0.25 l b / i n 3 
n1 = 49 
n2 * 34 
End thickness = 0.125" 
Shaft radius = 0.125" 
Shaft length = 3.4" 
Arm length = 1$ = 3.0" 
Arm distance = a5 - 2.0" 
Arm width = b5 = 0.5" 
Arm thickness = ha 5 - 0.125" 
Arm width = bc = 0.5" o 
Arm thickness = h a 6 = 0.125" 
Max. axial motion = ^ 6 ^ ) = 1.2" 
Time Ratio = T 6 = 3.0 
i , 
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Table 4. Continued 
Arm length = J0fi * 3.0" 
Arm distance • ag • 2.0" 
P r i n t : 
Yoke length = b8 = 2.5" 
Yoke width = 0.75" 
Yoke thickness = 0.125" 
Arm length = £ 7 = 3.0" 
Arm width = 0.5" 
Arm thickness = 0.125" 
Diaphragm ampl i f ie rs : 
Flow coe f f i c i en t = C = 0.8 
Carriage: 
Return time = TC r = 1 sec. 
Kinet ic energy 5 KE = 0.088 i n . l b . 
Col lar radius = r17 = 0.25" 
Time ra t i o = Ty = 2.5 
Actuator shaft length • 12" 
Actuator shaft radius = r57 = 0.25" 
I n i t i a l tension = NQ = 0.1 l b / i n 
Support thickness = eQ = 0.125" 
Re = 1000 l i e in a range of d i f f i c u l t f ab r i ca t i on . Size also decreases 
wi th pressure. The curves show sizes above Ps = 3 psig although th i s is 
the approximate l i m i t i n g pressure i f the f i n a l stages operate at 4PS. 
Note that sizes fo r the f i na l stages are p lo t ted versus Ps and not 4PS, 
which is t he i r supply pressure. 
Power consumption and ampl i f ie r response time for a range of 
design Reynolds numbers and two pressure levels are shown in Figure 35. 
These data are fo r the encoder only. Both power consumption and response 
time increase with Reynolds number. Response time increases because the 
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Figure 35. Amplifier Power and Response Time for Encoder Elements 
geometry then requires a longer transmission path. Response time 
decreases with pressure because of the higher nozzle ve loc i t y . At low 
supply pressures (^1 psig) and high Re the response time becomes s i g n i -
cant (=»3 msec). Power consumption is shown to increase wi th both 
Reynolds number and supply pressure. 
Continuing to use the i n i t i a l input data of Table 4 , the overal l 
system power consumption fo r various pressures and typing speeds is 
shown in Figure 36. As expected, the power increases with increasing 
typing speed due to the power required by the actuators. The var ia t ion 
of power with pressure depends on the typing speed. At low speeds, the 
power rises as pressure increases, but at higher speed the power con-
sumption decreases. This is explained by the fact that the power con-
sumption of the f l u i d i c ampl i f iers increases with increasing pressure 
(Figure 35) and is not a function of typing speed, whereas the actuator 
power consumption decreases with increasing pressure. The curve for 15 
characters/second actual ly shows a minimum. Note that the power con-
sumption is r e l a t i ve l y smal l , being on the order of 0.1 horsepower at 
20 characters per second. The steep r ise in the curves at lower pres-
sure is ind ica t ive of the fact that i t e r a t i o n fo r piston size did not 
converge for some cases of low pressure and high typing speeds. 
The spec i f i c weight, V , used in computing Figure 36 was 0.25 
(Table 4 ) . This corresponds roughly to steels and zinc casting al loys 
wnich might be used. Since some of the power is used to accelerate the 
moving par ts , the reduction of V should reduce the power. A value of 
N = 0 . 1 corresponds to aluminum al loys and is a rough approximation 
to some l i g h t e r metals and composites. The curves of Figure 37 show 
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Figure 37. System Power Consumption, 7= 0.1 
a reduction in power of about 40 per cent at 20 characters per second. 
The reduction is greater at higher speeds and very s l i g h t at f i ve or 
ten characters per second. This points out that materials of construc-
t ion are important for high speeds, 
A more quant i ta t ive picture of the energy d i s t r i bu t i on among the 
various subsystems which improves understanding of Figures 36 and 37 
is given in Figure 38. Energy per p r i n t cycle is shown for each sub-
system fo r typing speeds from five to t h i r t y characters per second. 
For the f l u i d i c por t ions , the power is constant, and so the energy per 
cycle decreases with speed. For the posi t ion ing subsystems, the energy 
increases with increasing speed since the mass driven is constant or 
increasing s l i g h t l y and the acceleration increases with increasing speed 
The increase in energy per cycle fo r the p r i n t i ng subsystem is almost 
constant since i t is designed on the basis of f i na l k ine t i c energy. 
I t is of in te res t to observe the magnitudes of the energy for 
each subsystem. At low speeds, the f l u i d i c devices use the largest part 
of the energy, ha l f or more. At high speed, the pos i t ion ing subsystems 
require ha l f or more of the t o t a l . In e i ther case, the p r i n t i ng energy 
is less than 10 per cent and that a t t r ibu tab le to the carriage motion is 
neg l i b ib le . The key inter face ampl i f iers account for a large f rac t ion 
at any speed (16 - 60 per cent) . I t would be expected, then, that fu r -
ther reductions in power consumption would most l i k e l y have to come from 
the ro ta t ion or axial posi t ion drives or from e l iminat ing the inter face 
ampl i f ie rs . I t can also be seen t h a t , depending on the size of the 
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Figure 38. Energy Distribution Among the Subsystems 
actuators since carriage power requirement is very low with the 
actuators o f f the carr iage. 
The size of the actuators required is shown in Figure 39. In 
general, size increases the typing speed and decreases with pressure. 
The smallest diameters required are for p r i n t i n g , and they are, fo r the 
most p a r t , less than one-half inch. Pistons for type head ro ta t ion 
range from one-half inch to more than three inches at 30 characters per 
second. The largest pistons required are for the axial motion, which 
range from one to more than three inches. In addit ion to diameters, 
the stroke lengths of the actuators are shown by the so l i d symbols. 
Strokes fo r the rotary and axial motions are approximately one-half 
inch and are constant wi th pressure and speed since they are determined 
en t i r e l y by geometry. The p r i n t actuator stroke varies with speed, 
decreasing with increasing speed. This is due to the f ixed f i na l kine-
t i c energy. I t is easy to see that the pos i t ion ing piston sizes are 
larger than would be pract ica l f o r the higher speeds, and that the low 
speed p r i n t strokes are much too long. Some consideration of the 
diameter-stroke relat ionships is in order. 
The piston diameter fo r the rotary and axia l motions is essen-
t i a l l y determined by the system mass ref lected to the actuator. The 
equations for equivalent mass, m, given in Figures 26 and 28 show that 
one means of varying m is to vary the arm r a t i o j#/a. The resul ts of 
varying / / a fo r both subsystems is shown in Figure 40. Since the sub-
systems are independent, the curves show the var ia t ion of stroke and 
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Figure 40. Positioning Piston Oiameter 
and Stroke 
at 1.5, and vice versa. Stroke decreases with J/a increasing and d ia-
meter decreases or has a minimum. Despite the fac t that these resul ts 
are fo r Ps = 3 ps ig , the axia l pistons are qui te large (2" - 3") fo r 
more than ten characters per second. I t would be possible to consider 
cy l inder volume here, but fo r pistons too large to be p r a c t i c a l , i t 
would be of l i t t l e consequence. As fa r as power consumption is con-
cerned, i t was found to be essent ia l ly constant with / / a except fo r 
an increase at low / / a (==1.0) and high speed (^*25 characters per 
second). The value of / / a = 1 . 5 seems to be a reasonably good com-
promise since i t corresponds to the smaller diameters at high speed 
and to r e l a t i ve l y short strokes. 
As discussed in Chapter V I , the type head matrix and spacing of 
characters on the head determine the head dimensions, which is re f lec ted 
in the mass, m. The computer program showed that the mass associated 
with the type head was a s i gn i f i can t part of the t o t a l . In order to 
reduce the piston diameters f u r the r , the weight of the head was reduced 
Dy reducing wal l thickness to 0.065 inch instead of the 0.125 inch used 
in Table 4. Also, the character space was reduced from a 0.2 inch square 
to a 0.15 inch square, which fur ther reduced the type head s ize . Then 
the e f fec t of the various re la t i ve dimensions as determined by the type 
matrix was computed. The resul ts are given in Figure 4 1 , which shows 
that the actuator piston diameters have been reduced to approximately 
two inches maximum. The 5 X 9 matrix gives the best balance of d ia-
meters, the maximum diameter (30 cps) being about 1.5 inch for both 
rotary and axia l motion. The 5 X 9 matrix also resul ts in reasonable 
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Figure 41. Position Actuator D1mtns1on Variation with Type Matrix 
strokes of less than 0.5 inch. Further reduction in piston diameter 
would be d i f f i c u l t to achieve, 
Ear l i e r in th is section the excessively long stroke required of 
the p r i n t actuator piston was pointed out. The arm l e n g t h , / , i s a 
factor in the required s t roke, and Figure 42 shows the var ia t ion of 
piston diameter and s t roke, as wel l as type head t ravel Zy, wi th £y. 
I t is obvious that the shorter £-j i s , the smaller are both the d ia-
meter s t roke. The type head t ravel remains re la t i ve l y constant due to 
the constant f i na l k ine t i c energy requirement. I t would seem that whi le 
the output energy is constant, the input energy (force times stroke) is 
decreasing wi th / y . Consideration of the re la t i ve size of the terms 
in the mass equation shows that a very large port ion of input energy 
goes in to the arm and shaft at large values of £1 ( th is energy was not 
included in the p r i n t i ng energy) so that the energy for p r i n t i ng does 
not decrease, but the system does become more e f f i c i e n t . The power 
consumption of the overal l system also decreases as H-j decreases fo r 
the same reason. Since very small values of £-, are not physical ly 
rea l i zab le , and the size of the p r i n t actuator is smal l , i t becomes 
desirable to el iminate the arm and actuator shaft and place the p r i n t 
actuator on the carriage i t s e l f . 
Placement of the p r i n t actuator on the carriage so that the arm 
and shaft mass are el iminated and the piston s t roke , Xy, is made i d e n t i -
cal to y 7 (Figure 29) resul ts in the actuator dimensions and the type 
head t ravel given in Figure 43. Diameters are generally less than 0.5 
inch and strokes less than one inch. Type head travel is also less than 
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Figure 42. P r in t Subsystem Dimensions 
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one inch. These dimensions are s im i la r to the previous mechanical 
arrangement except that the large piston strokes are e l iminated. 
Variat ion of system power requirements wi th d i f f e ren t type 
matrices is not great, as shown by Figure 44. The 5 X 9 matrix does 
resu l t in a minimum power consumption, which coincides with the previous 
choice of the 5 X 9 matrix for actuator size reasons. Figure 44 also 
compares t o t a l power consumption wi th the p r i n t actuator on and o f f 
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Figure 44. System Power Variat ion with Type Matrix 
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a s l i g h t advantage. 
The derivat ions of Chapter I I I and IV re la t i ng to minimum power 
consumption assumed constant values of T . (Figures 8 and 13). The 
calculat ions thus far in th is chapter have a l l been based on T 5 and 
T g equal to three and T 7 equal to 2.5. These values are in a range 
which give small var ia t ion of power with T for the posi t ion and p r i n t i ng 
actuators. However, var ia t ion in T a f f e c t s the forward stroke t ime, T, 
and tiius the force required, which determines piston s ize . The magni-
tude of th is var ia t ion fo r T between two and four for the p r i n t and 
posi t ion actuators is shown in Figure 45. The ra t i o of T 7 t o T c in 
th is ca lcu lat ion was constant at 5/6, and T $ = T s -
The curves of Figure 45 show that the posi t ion actuator diameters 
decrease with T i n the range covered. This is because T increases as 
T decreases, giv ing more time to accomplish the motion. The e f fec t is 
pronounced as speed increases. A minimum diameter at about T = 3 is 
shown for p r i n t piston s i ze , though the to ta l var ia t ion is smal l . The 
e f fec t of T on p r i n t stroke is to reduce the stroke as T i n c r e a s e s . 
This is due to the decreased time for forward motion requi r ing a higher 
ve loc i ty as T increases. 
Power consumption p lo t ted as a funct ion of T 5 and computed f o r 
the same data as fo r Figure 45 is shown in Figure 46. The increase in 
power as T increases fo r high speeds is due to increasing actuator 
piston s i ze , as shown in Figure 45. These power curves may seem to 
contradict Figure 13, where power decreases as T i n c r e a s e s . However, 
in the present curves, the value of V (Equation 87) is not constant due 













Figure 45. Effect of T on Actuator Size 
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These las t two curves would make i t seem that a value of T5 = 
T $ = 2.0 and T y = 1.67 would be best i f i t were not fo r the large 
stroke p r i n t at low speed. This d i f f i c u l t y can be circumvented by 
designing at the lower values of T , and, i f a low speed design is 
desired, designing the p r i n t i ng subsystem for higher speed and delay-
ing the s t a r t of i t s forward stroke s u f f i c i e n t l y to coincide wi th the 
proper p r i n t i ng instant in the cycle. The power consumption level at 
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Figure 46. Power as a Function of T 
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Summary 
The parameter study carr ied out in the previous section is 
summarized in Table 5. The object of the study was to vary selected 
parameters which had an e f fec t on the system power, f l u i d i c ampl i f ie r 
size and performance and actuator size and performance. Those selected 
were the supply pressure, Reynolds number, typing speed, material of 
const ruct ion, type head dimensions and type matr ix , posi t ion drive-arm 
r a t i o ( / / a ) , the p r i n t dr ive arm length , and the time r a t i o T . The 
basic dimensions given in Table 4 served as a s ta r t i ng point and improve-
ments in performance or size were made by varying the parameters men-
t ioned above and l i s t e d in Table 5. From the study the fo l lowing 
conclusions can be drawn. 
1 . F lu id ic ampl i f ie r sizes are wi th in the range of p r a c t i c a l , 
commercial devices. 
2. The supply pressure should be as high as possible (P s— 3,0 
psig) to reduce actuator s ize . 
3. A Reynolds number of 2500 gives feasible ampl i f ie r design. 
4. The materials of construction for moving parts must be of low 
densi ty , V < 0 . 1 l b / i n . 3 . 
5. The posi t ion ing subsystem arm r a t i o of / / a —1.5 is a reason-
able choice. 
6. The best choice fo r type matrix is 5 X 9 since i t gives 
s im i l a r l y sized actuators and lowest power consumption. 
7. The p r i n t actuator should be mounted on the carr iage. 
8. Posi t ioning actuators could be mounted on the carriage fo r 
Table 5, Summary of Parameter Study 
Data Input Parameters Output Figure Constant Result 
Table 4 Ps, Re Amplifier Size 34 Range: 0.002" - 0.035" 
Table 4 Ps, Re Amplifier power 35 Typical variation 
Table 4 Ps. ^ Amplifier Response 35 Less than 3 msec 
Table 4 Ps, speed System Power 36 Re = 2500 0.2 horsepower 
Table 4 & 
"V -^0.1 
Ps, speed System Power 37 Re = 2500 Up to 60% reduction 
at higher speeds 
Table 4 & 
V — 0 . 1 
Speed Energy distribution 
by subsystem 
38 above, plus 
V 3 V = 0.1 
Depends on speed, actua-
tors & interface large 
Table 4 & 
V - — O U 
Ps, speed Actuator Dimension above, plus 
PS = 3 
V = 0.1 
Too large at high speed 
Table 4 & 
V — 0 . 1 
0/a position Actuator 
dimensions 
40 above, plus 
Ps = 3 
/ = 0.1 
j?/a = 1,5 for axial & 
rotary 
Table 4 & Matrix, Position actuator 41 above, plus Size reduced, 5 X 9 
V — 0 . 1 speed dimensions Pc = 3 matrix best choice 
r c - r 9 -0 .065" V= 0.1 
spacing—0.15" 
Table 5 - continued 
Data Input Parameters Output Figure Constant Result 
Table 4 & 
"V — 0 . 1 
r c - r c - 0 . 0 6 5 " 
spacing—0.15" 
l1% speed Pr in t actuator 
dimensions 
42 above, plus 
spacing = 0.15 
r c - r c = 0.065 
£7 short as possib le, 
actuator on carriage 
Table 4 




Pr int actuator 
dimensions 
43 above, plus 
spacing = 0.15 
r c -
r c = ° - 0 6 5 
stroke & diameter 
feasible 
Table 4 




System Power 44 above, plus 
spacing = 0.15 
rc-rc = 0.065 
<=0.05 horsepower 
5 X 9 matrix lowest 
2 <:T«=:4 T , speed Actuator size 45 above, plus 
5 X 9 matrix 
Actuator size decrease 
2 « = T < 4 T> speed System power 46 above, plus f 5 = T 6 = 2, T7 = 1.67 
5 X 9 matrix power s 0.036 horsepower 
low speed designs. High speed designs would require further 
study. 
9. System power consumption is low enough to be practical 
( —0.04 horsepower) i f the predicted level can be achieved. 
10. The values of Twhich give the lowest power consumption for 
the other parameters chosen are T 5 = T 6 = 2 .0 , T ? = 1.67. 
For a low speed machine, this may require designing the print 
subsystem for higher speed. 
The preferred design, then, consists of the mechanisms given in this 
chapter with the dimensions shown in Table 4, subject to the improve-
ments summarized in Table 5 and in the conclusions above. 
CHAPTER VIII 
POWER SUPPLY 
Subsystem Requirements and Model 
In a l l of the preceding discussions i t has been assumed that a 
source of compressed a i r was avai lable at a constant pressure, P s , f o r 
d r iv ing the f i n a l actuators and most of the f l u i d i c c i r c u i t r y . In 
add i t i on , a source at a pressure of <r P ( c = 4 in the previous d i s -
cussions), but with a much lower flow was also required, as discussed 
in Chapter V I I . The actuator designs a l l assumed a constant pressure 
throughout t h e i r s t roke , and th is constant pressure is l ikewise required 
fo r the f l u i d i c devices. However, the demand on th is pneumatic source 
has considerable va r ia t i on . The Coanda devices have constant flow 
through the power nozzles, but the flow demand of the d i g i t a l actuators 
and p r i n t actuator is i n te rm i t tan t and of varying flow depending on 
typing speed. The basic requirement of the pneumatic supply, then, 
is to provide two constant pressure sources with flow depending on 
design speed and varying during any one p r i n t cycle. 
The required flow for the low pressure supply as a funct ion of 
time for ten characters/second is shown in Figure 47. These flows 
correspond to a system wi th the f i n a l parameters described in the 
preceding chapter. Two ordinate scales are shown, one corresponding to 
inclusion of the key inter face ampl i f iers in the system, and the other 




















1 0 - T r = 0.1 sec. 
Ps = 3 psig 
V2T, 3/2T 2T. 
Time 
Figure 47. Flow Demand for Power Supply, 10 cps 
maximum points are cor rec t , as is the steady flow value. In order to 
s impl i fy the fu r ther analysis of the power supply, the to ta l flow curve 
is approximated by the dashed square-wave pulse t r a i n . An equivalent 
pulse t r a i n fo r 30 characters per second is shown in Figure 48. 
The design of the supply could be based on these curves e i the r 
wi th or wi thout the flow due to the key inter face ampl i f ie rs . In the 
subsequent discussion the in ter face flow w i l l be omitted fo r two reasons. 
One, these ampl i f iers are not essential to the typewri ter func t ion , 
although they may be desirable fo r other reasons. Second, the i n t e r -
mi t tant component of flow is proport ionately larger under these circum-
stances and presents a greater demand on the power supply a b i l i t y to 
maintain constant pressure. In th is sense, the choice represents a 
worst-case design. 
In order to make some predict ions as to the type and size of 
compressor required fo r the power supply, i t w i l l be assumed that the 
supply consists of a compressor with an accumulator on i t s output to 
ass is t in maintaining a constant pressure to the f l u i d i c s . I t i s 
fu r ther assumed that the output charac ter is t ic of the compressor near 
the operation point can be aprroximated by a s t ra igh t l i n e . In terms 
of an e l e c t r i c a l analog, th is character is t ic can be modeled by a con-
stant voltage source, P c , and a resistance, Rc, as in Figure 49a. The 
accumulator analog is a capacitor fo r small pressure changes, and where 
the current in the c i r c u i t is analogous to weight flow rate and the 
voltage to pressure. For the square wave approximation to the flow 














Tr = 0.033 sec. 
Pc a 3 psig 
1/2 Tr 3/2 Tr 2T. 
Tin* 
Figure 48. Flow Demand for Power Supply, 30 cps 
Compressor 
(a) Analog of Power Supply and Load 
Kt) 
2Tr t 
(b) Load Current Component Due to Actuators 
Figure 49. Power Supply Analog 
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as a resistor, RL, to provide a constant flow component and a switch 
and current source, I , to provide the intermittant flow component. The 
switch is assumed to operate in a repetit ive manner corresponding to 
the typing rate. 
By replacing the compressor analog with i t s Thevenin equivalent, 
i t is easy to write the node voltage equation for Ps in Laplace form as 
R(s) = ^ + **& ~l(s) , ( 1 5 1 ) 
where 
*>' ith (152) 
is the parallel combination of R|_ and Rc. The quantity p^ is the 
initial value of Ps when the switch is closed at t = 0. It can be seen 
from the steady state with the switch open that 
pi = RRPR:
1 (153) 
The inverse transformation of Equation (151) requires an expression of 
the Laplace transform of the fluctuating component of load current, I ( s ) . 
Since the time domain function of this current is periodic, as in Figure 
49b, with period T r , the Laplace transform is given by 
Subst i tu t ing th is l as t expression in to Equation (151) resul ts in 
P*(S)~ -f~ i*£p(Ci5Tr3 [ i " 3 + 8?(?\ 
(154) 
when s imp l i f i ed by pa r t i a l f ract ions and Equation (153). Using a 
method shown by Wiley [ 3 7 ] , the inverse transform of the per iodic por-
t ion of the funct ion of P$ is found to be 
pjt) _ ,-iEe.\tJEtl _ i-irixpi-wcz) I (155) 
where 
0.5nTK^t^0.5(n-h/)Tr -<2 i~£<O<0 
and n is any pos i t ive integer. Since i t is desired to predict the 
performance of the power supply a f te r long-term repe t i t i ve operation 
of the keys, the t ransient port ion of the solut ion is assumed to have 
decayed to zero and only the per iodic port ion is given in Equation (155). 
The per iodic response is shown in Figure 50. Pressure varies in 
an exponential fashion between the l im i t s shown in the f i gu re . I t is 
obvious from th is pressure response that P s ( t ) does not remain constant 
i f the keys are operated r e p e t i t i v e l y . In f a c t , the peak pressure does 
not even return to p. between key operations. Thus, the best that can 
be done with the system as postulated is to l i m i t the lowest pressure 
at any time to some reasonable percentage of the design pressure, say 
90 to 95 per cent. I f the minimum pressure is defined by 
Hit) 
Pc 'min 
- P. m 
(156) 
then from Figure 50 
P -l-±*B-l m 
\exp(Q5TrR;'C;') 1 . 
YexplOSTrR-ch + Itt 
Since I , p i and Tp are known and pm is to be a design parameter, the 
unknowns in th is equation are Rp and C^, which const i tu te the time 
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Figure 50. Supply Pressure Variat ion for Repeti t ive Operation 
£ _ = in\ I-P- r] (158) 
2RP 
Since the l e f t side is a posi t ive number, the inequa l i t ies 
I-Pm ^IRpP'i +&*-! 
and 
pm-f+IRpp?~0 
are required. From these i t can be shown that 
&0-&*)&!" =•#,,> 0-pm)piI"t (159) 
Since R2 in Equation (152) i s known, i t is possible to assume values 
of Rp in the range given by Equation (159) and solve fo r the corres-
ponding CA in Equation (158). Then Rc can be found from Equation (152). 
Compressor Selection 
Before computing numerical values fo r the components of the power 
supply, i t is advisable to consider the type of compressor best su i ted 
to the app l ica t ion . One of the most widely used c r i t e r i a fo r se lect ing 





with dimensions as given in the Nomenclature. Shepard [38] shows the 
re la t ionship of S^ to e f f i c iency fo r various types of compressors, 
namely a x i a l , centr i fugal and rotary pos i t ive displacement. This 
re la t ionsh ip is summarized by Table 6. I t i s to be understood that 
the ranges given in Table 6 are not sharply defined and that there is 
some overlap in the spec i f i c speeds and e f f i c ienc ies of the various 
compressors. Speci f ic speed values f o r the typewri ter can be developed 
from Figures 47 and 48. The compressor must be designed to supply the 
minimum flow shown in these curves, which is the flow Ij_ in Figure 49, 
at the design pressure, Ps . The peak flow must be supplied by the 
accumulator and the increase in compressor flow as the pressure drops 
to the value allowed by p . For any typing speed, spec i f i c speed is 
computed as 
c- « (36QO rpm)(9.Z*(0~3 ft3/sec.)** „ Q£ 
(48fOft)°^ 
at a compressor speed of 3600 rpm. From Table 6, i t is obvious that 
th is corresponds to a constant displacement machine. In order to design 
a cent r i fuga l compressor fo r th is app l i ca t ion , the speed would have to 
be on the order of 5 X 10 rpm, which would require technology not con-
s i s ten t with the present app l ica t ion . The ro ta ry , s i id ing-vane com-
pressor used in many re f r i ge ra t i on appliance and small-horsepower a i r 
compressors could be a good choice from the standpoints of small size 
Table 6. Speci f ic Speed Range fo r Compressors 
Compressor Type Speci f ic Speed Eff ic iency 
Axial SN>200 0.75 - 0.90 
Centr i fugal 200>SN>50 0.60 - 0.80 
Rotary Posit ive 
Displacement 
50 > SM=*10 0.55 - 0.65 
and r e l i a b i l i t y . 
Low Pressure Compressor Size 
Since a constant displacement compressor is to be used, i t is 
advantageous to redraw Figure 49a with the Thevenin equivalent for the 
compressor. This is consistent wi th the o r ig ina l assumption of a 
l inear output charac te r i s t i c , but the physical in te rpre ta t ion of a 
constant displacement compressor wi th a bypass is i n t u i t i v e l y more 
apparent. 
Since the overal l c r i t e r i on in so far as the power supply is con-
cerned is to minimize power consumption, i t is advisable to have an 
expression fo r power in the c i r c u i t of Figure 5 1 . The average power 
can be expressed as 
An+OTr 
i,-T?\£M<* (161) 
where P s ( t ) is given by Equation (155). Since the design must be such 
as to l i m i t var ia t ion in P to a small percentage, an approximate 
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expression fo r w can be derived. During the switch-open port ion of 
the period the energy expended is 
P2 
w * - a Ro\2l 
(162) 
f>Kp 
Uuring the switch-closed port ion of the period the energy expended is 
w 
FRP fi) * ye (163) 
Let P = p. in Equation (162) and Ps • pmpn- in Equation (163). Then 
the approximate w is 
W = ft | /+p* l -*• P<»Pl
X 
(164) 
Mote that the average power, w, is a funct ion of R_, so that the solut ion 
of Equations (158) and (152) for R , Rc and CA also determines values 
of w. 
* K \ > > R C < H n 
,. } 
Figure 51 . Equivalent Power Supply Analog 
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The resul ts of computations of the values of C^ and w over the 
allowable range of R_ for pm = 0.95 and 0.90 are shown in Figure 52 
p r m 
for ten characters per second, and in Figure 53 fo r 30 characters. 
There is obviously a t rade-o f f between the power consumption and the 
accumulator s ize . Power is reduced with the larger accumulator since 
i t stores energy between actuator strokes. At high typing speeds the 
large in te rm i t tan t flow to the actuators requires a large bypass flow 
through R in order to l i m i t var ia t ion in Ps, This is re f lec ted in 
the lower values of Kp at the higher speed and in much larger power 
consumption and accumulator s ize . In view of the c r i t e r i a of minimum 
power consumption and keeping size as low as prac t icab le , a reasonable 
choice of parameters are those represented by the lower end of the knee 
of the C^ curve. The resu l t ing parameters are summarized in Table 7. 
Note that the small var ia t ion in pressure required has increased the 
power consumption from the low value of 0.036 horsepower in Figure 46 
to almost one-th i rd horsepower in Table 7 (pm = 0.95, 30 cps). This is 
due to the ine f f i c iency created by the bypass loss in Rc. Some of th is 
ine f f i c iency could be el iminated by use of a quick-act ing r e l i e f valve 
in place of the simple bypass Rc, but th is s i tua t ion w i l l not be ana-
lyzed here. 
The physical size of the compressor is of in te res t and some 
approximate calculat ions can be made. The displacement of a rotary 
s l i d i n g vane compression has been related to the geometry by Lehmkuhl 
[39 ] . The basic construction and de f i n i t i on of geometry fo r th is 
compressor, adapted from Lehmkuhl's paper, are shown in Figure 54. 
10 characters/second 




Figure 52. Compressor Power Consumption and Accumulator Size 


















Figure 53. Compressor Power Consumption and Accumulator Size 








Figure 54. Rotary S l id ing Vane Compressor 
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Table 7. System Flow Parameters 
pm 0.90 0.95 
cps 10 30 10 30 
RD sec 
i n 2 1600 160 800 80 
C f t i n
2 7.04 X 10-5 27.2 X 10'5 14 X 10"5 54.5 X 10"5 
w i n . l b 105.9 1061 214.5 2145 
sec 
Vc in3 33.4 129 66.5 259 
Rcsec/ in
2 2860 167.5 1025 81.8 
Pc l b / i n
2 5.36 3.14 3.84 3.07 
Pc/Kc lb/sec. 1.88 X 10"
3 1.87 X 10 ' 2 3.74 X 10"3 3.75 X 10"2 
Pc/Rc in
3 / sec . 2540 25,400 5070 50,700 
The volume displacement per revolut ion of the rotor is 
VD= nADb (165) 
The approximate area A^ is given by 
A typ ica l valve for r r / r c f o r low pressure compressors is 1.25. I f n 
is taken as four , the r a t i o Ay/Rc
c can be computed as 2.3. Since the 
output flow is given by 
V0S-nA0bS (167) 
and the product V,S is known from Table 7 ( i . e . , P_Rr) t then fo r a 
D C *̂ 
given speed, S, and blade w id th , b, AQ can be found, as wel l as r r and 
r . These dimensions then define the compressor s i ze , and they are 
given as Table 8 fo r two common motor speeds. 
Compressor size fo r the low pressure supply is f a i r l y smal l , as 
seen from Table 8. Depending on the choice of b, the cyl inder diameter 
is 3.5 inches or less. Other combinations of b and rc are possib le, 
of course. Volumetic e f f ic iency of th is type compressor at th is low 
pressure is very nearly un i t y , so that the dr iv ing motor e f f i c iency is 
the only other e f f i c iency consideration of any magnitude. 
High Pressure Supply 
Up to the present, nothing has been said of the means of obtain-
ing the high pressure a i r supply fo r the control c i r c u i t as discussed 
in Chapter V I I . This high pressure supply is not subject to the i n te r -
m i t t an t , high flow demand that is present in the low pressure supply. 
The flow is steady and therefore does not require the bypass arrange-
ment to smooth out f luc tua t ions . Coupled with the fact that the high 
pressure flow is only a small f rac t ion of that actual ly going to the 
rest of the f l u i d i c c i r c u i t r y , th is results in high pressure compressor 
output flow which is very small compared to the low pressure output 
f low. For example, the high pressure flow is 88 i n . / m i n . , whereas the 
low pressure compressor output flow fo r 10 cps and p = 0.95 is 5070 
Table 8. S l id ing Vane Compressor Dimensions - Low Pressure (Ps) 
Speed 1750 3450 
p
m 
.90 .95 .90 .95 
cps 10 30 10 30 10 30 10 30 
rc in* 
b = 1 in. 
0.79 2.51 1.12 3.55 0.57 1.79 0.80 2.53 
rc in. 
b = 0.5 in. 
1.12 3.55 1.59 5.02 0.81 2.53 1.13 3.58 
i n . /min. (Table 7) . I t can be safely said that the high pressure com-
pressor is so small in size and power consumption that fu r ther conside-
rat ion of i t is of l i t t l e importance, except to say that i t should be 
of s im i l a r construction to the low pressure one, most l i k e l y an i n te -
gral par t of i t and driven by the same motor. 
CHAPTER IX 
DEMONSTRATION MODEL 
Purpose and Description 
One of the objectives of the thesis was to construct a working 
model which would incorporate the basic features upon which the fore-
going analysis was based. The purpose of the model was to show that 
the system proposed for a f l u i d i c typewri ter and the parameters chosen 
to define a preferred design did lead to an operable system with per-
formance approaching that predicted. The model was not intended as 
a f in ished product, but as a breadboard demonstration of the basic 
mechanical and f l u i d i c components. 
The demonstration model is best described with reference to 
Figure 55, which is a general view and Figure 56, a plan view. 
Pr in t ing was accomplished with a cy l i nd r i ca l type head from a 
te le typewr i ter impacting on a narrow paper tape. The type head was 
supported from a yoke pivoted on bal l bearings, and the type head i t s e l f 
rotated on ba l l bearings. Pr in t ing motion was due to the cy l inder 
mounted at the f ron t of the yoke, the piston being driven by the d ia-
phragm ampl i f iers shown. 
The type head was posit ioned in one axis only by a d i g i t a l 
actuator with two pistons ( i . e . , two binary b i t s or four pos i t i ons ) . 
The actuator was coupled to the type head through an arm and a nylon 
cord dr iv ing a pul ley under the yoke (See Figures 29 and 57). 
Figure 55. Demonstration Model 
to 
o 
j £ a a H i 
Figure 56. Demonstration Model - Plan View 
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A carriage and associated posi t ion ing means were not provided; 
however, a cyl inder and rachet mechanism were incorporated to advance 
the paper tape a f te r each p r i n t s t roke. This cy l inder was driven by 
the same diaphragm ampl i f ie r arrangement used for the other actuators, 
and is equivalent in funct ion to the c i r c u i t r y necessary to operate 
a carr iage. 
F lu id ic encoder and control c i r c u i t r y conforming to the design 
of Figure 15 was also included. The ampl i f ie r construction is i l l u s t r a -
ted by Figures 58 and 59. The control c i r c u i t was of necessity s u f f i -
c ien t ly complete for f u l l t ypewr i te r , except that only two i n h i b i t 
gates and f i na l drive f l i p - f l o p s were needed fo r the two-bi t posi t ion 
actuator. The keyboard consisted of four keys of simple s l ide-valve 
construct ion, corresponding to the four-pos i t ion binary actuator. A 
diagram of the components constructed is shown in Figure 60. 
I t was not considered feasible to construct a compressor-accumu-
la to r as described in the previous chapter. A i r was supplied to the 
demonstrator from a high pressure supply through a regulator . A small 
accumulator was included to smooth pressure f luctuat ions and d i s t r i bu te 
a i r to the actuators and ampl i f ie rs . 
Parameter Selection 
The basic parameters def in ing the demonstration model were deter-
mined from the computer model described in Chapter V I I . The resul ts of 
the parameter study of that chapter were incorporated in the input data 
so that the demonstration model re f lec ts the preferred design. The 
input data are summarized in Table 9 , which para l le ls Table 4 in format 
Figure 58. Fluid Ampl i f iers Etched in Dycri l 
Figure 59. Flu id Ampl i f ier Assembly and Connection 
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Table 9. Input to Computer Model fo r Demonstration Model Design 
Overall System: 
Recovery = <*" = 0.25 
Aspect r a t i o = f\ - 2.0 
Reynolds No. = Re = 5000 
Characters/sec. = Tr ' = 1 0 
Strouhal No. = NJJL ~ ^ 
Supply flow temp. = Ts = 
Supply pressure = Ps = ; 




In ter face: No. ampl i f iers = 0 
Encoder: No. ampl i f iers = 2 
Type Head: 
Outside radius = rc = 0.344 in, 
Inside radius = r-j = 0,146 i n . 
Length = £Q = 0.625 i n . 
End thickness = 0.0 
Shaft radius = 0.125 i n . 
Shaft length = 2.25 i n . 
Rotat ion: 
Pulley radius = r-\§ = 0.5 i n . 
Pulley radius = r25 = 0.5 i n . 
Pulley th i ck . = 0.187 i n . 
Max. angle = © 15 (^5 ) = 2.355 rad. Arm th ick . = h a 5 = 0.125 i n . 
Time r a t i o = T5 = 2.0 
Arm length = ^5 = 1.0 i n . 
Arm d i s t . = as = 0.67 i n . 
Arm width = b5 = 0.5 i n . 
P r i n t : 
Yoke length = bg = 2.0 i n . 
Yoke width = 1.65 i n . 
Yoke thickness = 0.125 i n . 
Kinet ic energy = 0.088 i n / l b 
Time ra t i o = X-j = 1.67 
Diaphragm Ampl i f ie rs : 
Flow coeff = C = 0.8 Initial Tension = HQ = 0.1 lb/in 
tncode I n h i b i t 




Figure 60. Demonstration Model Schematic 
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fo r the sake of comparison. 
The Reynolds number was increased to 5000 and the aspect r a t i o 
to 2.0. The ampl i f iers were fabr icated by photoetching with the 
Uupont Oycri l process. The material thicknesses avai lable were 0.009 
inch , 0.017 inch and 0.042 inch , so that these were the only depths 
ava i lab le . The Reynolds number of 5000 resulted in power j e t widths 
(d) of 0.019 inch fo r the low pressure amp l i f i e rs , and 0.008 inch fo r 
the high pressure ones. During the course of developing designs for 
the amp l i f i e rs , considerable d i f f i c u l t y was encountered in achieving 
good pressure recovery with an aspect r a t i o of one and i t was increased 
to two. This resulted in power j e t dimensions of 0.009 inch X 0.017 
inch fo r the high pressure ampl i f iers and 0.017 inch X 0.042 inch for 
the low pressure ones. 
The type head dimensions of Table 9 correspond to the actual 
length and outside radius of the avai lable head, wi th the inside radius 
computed to give approximately the actual weight for the given "̂  . 
The other dimensions of Table 9 are only s l i g h t modif ications 
to those of Table 4 to correspond to convenient dimensions in the 
prac t ica l design of the demonstration model. Changes in parameters 
such as T , T , e tc . fo l low the results of Chapter V I I I . As discussed 
in Chapter V I I I , the stroke length of the p r in t mechanism turns out to 
be rather long for a ten cps design. For the demonstrator, the p r i n t 
subsystem design for 30 cps was used, which has a much shorter s t roke, 
and the p r i n t motion delayed accordingly. 
A basic design speed of ten characters per second was chosen for 
several reasons. F i r s t , th is is roughly comparable to commercial 
machines. Second, the higher the operating speed, the more precision 
must be expected in both design and construct ion, and i t was f e l t that 
l im i ta t ions of time and funds did not permit such a design goal. 
The parameters resu l t ing from the computer computation are l i s t e d 
in Table 10. 
The f l u i d ampl i f ie r designs used are shown in Figure 61 in actual 
s ize . The basic geometry is derived from the work of Warren [ 29 ] . A 
paper by Moses [40] was also he l p fu l . The high and low pressure ampli-
f i e r geometry is s im i la r except fo r the venting employed. The or ig ina l 
i n ten t was to vent the ampl i f iers through the edge of the cover plates 
by channeling the vent flow as shown for the high pressure devices. 
This would allow the ampl i f iers to be stacked one on top of the other 
and reduce space requirements. This approach was successful fo r the 
high pressure devices, but not for the low pressure ones. Due to switch-
ing and s t a b i l i t y problems, the low pressure ampl i f iers vents were 
designed to incorporate, in p r i n c i p l e , some vortex vent ideas from 
Kwok [41 ] . The general idea is to allow the f l u i d f lowing out the 
vent to form a vortex which has a smoother t rans i t ion from flow to 
pressure energy, and resul ts in matching to the load over a wider flow 
range. 
Representative ampl i f ie r character is t ics are given in Figures 62 
and 63. For the low pressure device, maximum pressure gain was approxi-
mately four , wi th a corresponding flow gain of about four , measured 
with a slowly r i s i ng pressure at the conditions given. Measurements 
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Low Pressure Ampl i f ie rs : 
Nozzle w id th , d = 0.019 i n . 
Response t ime, t r * 6.8 m i l l i sec . 
High Pressure Ampl i f ie rs : 
Nozzle w id th , d = 0.008 i n . 
Response t ime, t r = 1.6 m i l l i sec . 
Rotat ion: 
Piston diameter = 0.359 i n . Spring constant = 0.086 l b / i n 
Piston t ravel = 0.393 i n . 
P r i n t : 
Piston Diameter = 0.774 i n . Type head travel = 0.656 i n . 
Piston t ravel = 0.697 i n . Spring constant = 3.43 l b / i n 
Diaphragm Ampl i f ie rs : 
Radius = .185 i n . 
were made wi th simple U-tube manometers and cal ibrated rotameters. The 
high pressure devices had a pressure gain of approximately seven and a 
flow gain of about f i v e . These gains sa t i s fy the basic design require-
ments, although operation wi th blocked outputs was not possible w i t h -
out o s c i l l a t i o n for e i ther ampl i f ie r type. The four - input NOR of 
Figure 61 had essent ia l ly the same charac te r i s t i cs , although the lower 
control por t had a lower gain than the others. 
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Trie f l u i d i c c i r c u i t r y fo r the demonstrator was b u i l t as in 
Figure 60 with only one modif icat ion in p r inc ip le to that of Figure 15. 
uue to matching problems, the i n h i b i t gates J_ and 2_ were connected with 
t h e i r power j e t s supplied by the low pressure supply, P s , instead of 
from the encoder output. The encoder outputs were used as control port 
signals to ]_ and 2_ and the i n h i b i t signal from J_3̂  was connected to the 
in te rac t ion region vent of J_ and 2_. The control action thus obtained 
was the same, but was achieved in th is s l i g h t l y d i f f e ren t manner. 
Pressure matching in the control c i r c u i t r y was achieved with small bleed 
o r i f i ces where needed, and these were sized by experimentation. The RC 
time constants of Figure 15 were also chosen by experiment. The capaci-
t o r s , whose size in proportion to the overal l machine can be seen in 
Figures 55 and 56, ranged in volume from 4.2 i n ^ to 1.3 i n 3 . Such 
volumes are qui te feasible from the standpoint of machine s ize . 
A repe t i t i on of the c i r c u i t r y for the p r i n t i ng control shown 
in Figure 15 was added for the paper dr ive in the demonstrator. The 
same piston design was used fo r the p r i n t and paper dr ives . Since the 
paper drive in the demonstrator did not correspond to an actual type-
w r i t e r mechanism, no special design was undertaken fo r i t . Figure 58 
shows two of the etched amp l i f i e rs , and Figure 59 i l l u s t r a t e s the assem-
bly and connection methods. 
Performance 
Performance of the f l u i d i c port ions of the demonstration model 
were as ant ic ipated in terms of the log ica l operations. The t iming 
functions were also sat is fac tory for the purposes of the demonstrator, 
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as w i l l be seen from the resu l t ing t iming diagram to be given subse-
quently. The use of KC time constants presents one pract ica l problem 
which requires careful design; however, the switching pressure derived 
from an KC combination should occur at about one or two time constants 
in order to avoid switching on the f l a t port ion of the curve, since 
th is can lead to var ia t ion in switching times. Restr ict ions imposed 
by other matching requirements sometimes make th is d i f f i c u l t to achieve. 
In the demonstrator, there were instances of time period var iat ions of 
approximately +_ 10 per cent from operation to operation of a given RC 
c i r c u i t . 
The binary actuator constructed according to Tables 9 and 10 had 
an unsatisfactory performance in that i t s stroke was slow and incomplete, 
pa r t i cu la r l y on the high-order p is ton. This can be a t t r i bu ted to seve-
ra l fac to rs . F i r s t , the design spring constant was 0.086 l b / i n , whereas 
the actual spring constant turned out to be 0.125 l b / i n . Secondly, 
because of the small diameter (0.375 inch) of the actuator, i t was 
d i f f i c u l t to machine the pistons and stops to the exact conf igurat ion 
assumed by the computer program. This resulted in the weight of the 
moving actuator parts being one ounce instead of the predicted 0.3 
ounce. This increased the to ta l e f fec t i ve mass by 15 per cent over that 
computed. The e f fec t of these changes would be, according to Equation 
(80) , to require a 3.7 psi supply pressure instead of 3.0. I t was found 
by experiment that 0.75 psi was required to overcome s t a t i c f r i c t i o n in 
the actuator , ra is ing the required pressure to 4.45 p s i . From the stand-
point of s t a t i c forces requi red, the predicted force required of the 
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piston at maximum stroke was 4.95 ounces. The predicted maximum force 
at ta inable (PA) was 5.23 ounces with a cyl inder pressure of 3.0 ps ig . 
This points out that the dynamic model wi th the assumption of no f r i c -
t ion had predicted parameters which met s t a t i c requirements, but l e f t 
l i t t l e margin for error from the pract ica l standpoint. In f a c t , the 
measured stroke was 8.25 ounces. This was due both to the increased 
spring constant and to binding in the mechanical connection between 
the piston rod end and the p ivot arm. 
I t is apparent, then, that there were several reasons for the 
actuator performance. For the demonstration model, these were overcome 
in two ways. The piston diameter of the actuator was increased from 
0.375 inch to 0.625 inch. These pistons were more accurate and re la -
t i v e l y l i gh te r in weight ( in terms of the force generated by the p i s ton ) , 
resu l t ing in less leakage and smoother operat ion. Second, the piston 
rod-arm connection was improved to provide fo r bet ter re la t i ve motion, 
and the piston rod was supported at the end throughout i t s t ravel to 
reduce a tendency to cock the pistons and increase f r i c t i o n a l res is -
tance. The resu l t ing performance is shown in Figure 64a. The upper 
trace is the pressure in the high-order b i t cyl inder as measured with 
a P i t ran* pressure transducer. Both b i t s were actuated in th is f i gu re . 
The pressure was essent ia l ly constant at 3.0 psig and the hor izontal 
time scale of 20 mi l l iseconds/d iv is ion indicates a very rapid pressure 
r i s e , g iv ing the almost square pressure pulse assumed in the theoret ica l 
*Manufactured by Stow Laboratories 
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Figure 64. Actuator Pressure and Motion Time Response 
der ivat ions. The lower trace of Figure 64a is the motion of the piston 
rod as measured by a photoelectr ic c e l l , and represents the maximum 
actuator stroke (both b i t s ) . A small vane attached to the rod was made 
to i n te r rup t the l i g h t path i l l umina t ing the ce l l to produce a voltage 
ind ica t ive of rod pos i t i on . The voltage versus posi t ion curve was 
approximately l i nea r , so th is trace is a reasonably good representation 
of the motion. The beginning and end of the forward and return strokes 
are represented accurately, of course. The pressure pulse is seen to 
be approximately 50 mil l iseconds long, corresponding to the design 
requirement, and the forward stroke time is also 50 mi l l iseconds. The 
design required a return stroke time of 50 mil l iseconds a lso , but th is 
was not achieved in th is case. The actual time was about 75 m i l l i -
seconds. This is due both to f r i c t i o n a l e f f e c t , pa r t i cu l a r l y the small 
amount of binding l e f t in the p ivot arm connection, and to a small 
amount of f r i c t i o n purposely introduced, which w i l l be described l a t e r . 
The performance of the p r i n t mechanism is shown by Figure 64b8 
The upper trace is the pressure in the cyl inder and the lower one is 
the motion of the yoke supporting the type head, which is represen-
ta t i ve of the type head motion. The time scale is 20 mil l iseconds per 
d i v i s i on . Since the p r i n t mechanism was designed on the basis of 30 
cps wi th T = 1.67, the forward stroke time should be about 20 msec. 
The time shown in the f igure is about 30 msec. The return stroke time 
shown in Figure 64b is approximately 70 mi l l iseconds, and there is a 
dwell of about 30 mi l l iseconds. Theore t ica l l y , the return stroke should 
have been 13 mi l l iseconds. The long return has several causes. F i r s t , 
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i t is evident from the pressure trace that the cyl inder pressure does 
not return to zero rapidly but retards the return motion. This could 
be due to improper operation of the exhaust diaphragm ampl i f ie r or to 
a s l i g h t l y long t iming pulse. Secondly, the l i nk connecting the yoke 
to the piston rod was s lo t ted to allow a free f l i g h t of the type head 
at the end of the stroke. The free f l i g h t was actual ly short (approxi-
mately 1/32 inch ) , but the s l o t was considerably longer, so that on 
the return the spring act ing on the piston was not connected to the yoke 
un t i l the piston neared the end of i t s return t r a v e l . This caused the 
type head return motion to be largely due to rebound from the p la ten , 
which was obviously not a desirable s i t ua t i on . 
Also, in order to achieve the forward stroke time shown in 
Figure 64b, i t was necessary to reduce the spring constant from the 
calculated 3.43 l b / i n to 0.63 l b / i n . This rather large dif ference can 
be ascribed to several causes. The e f fec t i ve mass was computed using 
some approximations which no doubt affected the performance. Also, 
f r i c t i o n was neglected, although th is did not appear to be a s i g n i f i -
cant factor in the performance. Probably the most s i gn i f i can t fac tor 
was the choice of T = 1.67. This came about due to the a rb i t ra ry 
re la t ion Ty = (5/6) T<- used in Chapter VII to develop Figure 46. In 
that instance, i t was shown that TV = 2 was a good choice and T y ^ T ^ 
was required. These values for T were carr ied over in to the demonstra-
t ion model before an important impl icat ion was rea l ized. The energy 
balance at the end of the stroke ( t = T) can be wr i t ten 
20<J 
PsAx(T) = 0.5m[rtTJf+ OSk\_x(Tl\z (168) 
By equating (81) and (84) and evaluating Equation (83) at ~^= 2, it 
can be shown that 
gAx(T)= m{k(T^ (169) 
Combining th is with (168) and d iv id ing through by X(T), the resul t is 
%A = kx(T) (170) 
The impl ica t ion of th is las t expression is t ha t , fo r T = 2 , the applied 
force is equal to the spring force at the end of the s t roke. Further-
more, i f ^ c = : 2 , the spring force is greater than the pressure force at 
the end of the stroke. In other words, the system is decelerating at 
the end of the st roke. This is not a good design cond i t ion , and T must 
be increased by decreasing k. The value 1.67 for T-, is not actual ly 
required since the p r i n t subsystem was designed fo r 30 cps. This 
decrease in k may also have contr ibuted to the long return stroke. 
One fu r ther evaluation of the p r i n t subsystem performance was 
made. Figure 65 shows the p r i n t cyl inder pressure in the upper trace 
and the type head veloc i ty in the lower t race. The ve loc i ty was measure 
wi th a ca l ibrated transducer consist ing of a moving permanent magnet 
slug in an annular c o i l . Peak ve loc i ty shown is 30.8 in , / sec . The 
theoret ica l ve loc i ty based on the computed e f fec t ive mass is 65,9 in/sec 
from Equations (7) and (141). This ve loc i ty was s u f f i c i e n t to produce 
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Figure 65, Pr in t Actuator Pressure and Type Head Velocity 
p r i n t i ng on a s ing le-par t form ( i . e . , one copy). 
Figure 65 also serves to explain the shape of the pressure pulse, 
I t is obvious that the type head struck the platen and reversed i t s 
motion by rebounding, which caused an increase in cyl inder pressure 
since the t iming pulse had not opened the exhaust diaphragm ampl i f ie r . 
Thus, a decrease in the pressure pulse width would probably have 
decreased the overal l response time of the p r i n t mechanism. 
The performance of the typewri ter as a whole is i l l u s t r a t e d in 
Figure 66, which is a t iming diagram of the major funct ions. This 
diagram presents two sets of curves, the so l id curves being a composite 
of oscil loscope traces of the various pressure signals and actuator 
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Figure 66. Demonstrator Timing Diagram 
motions, a l l of which were referenced to a single key operation at 
zero time. The dashed curves represent theoret ica l performance. The 
pressure pulses and motion curves are s l i g h t l y ideal ized fo r the sake 
of comparison. There is no magnitude scale, but the time scale is 
essent ia l ly correct . The measured binary actuator motions correspond 
closely to the theoret ica l and the encoder and i n h i b i t signals are 
as expected. The p r i n t actuator motion is close to the design motion 
on the forv/ard s t roke, as discussed previously, but the pressure pulse 
and return stroke are longer than ant ic ipated. Since the p r i n t subsys-
tem was designed for 30 cps, a return motion considerably longer than 
theoret ica l could be to lerated for an overal l performance of 10 cps. 
However, the response was slow enough to require extending the i n h i b i t 
signal to 125 msec. This corresponds to an overal l design of eight 
characters per second. A d i f f e ren t t iming of the p r i n t pressure pulse 
probably would have met the overal l object ive of 10 cps. Therefore, 
despite some modif ications to certain parameters, p r i nc ipa l l y the 
spring constant of the p r i n t subsystem and the binary actuator d ia-
meter, the overal l machine performance in terms of speed of operation 
was close to the design speed. 
The p r i n t i ng qua l i ty obtained was not of commercial ca l i be r , as 
can be seen from Figure 67, but was s u f f i c i e n t to be encouraging. The 
le t te rs set up to type out were X, Q, S and U, which are shown typed 
several t imes. These characters were typed rapidly in succession and 
are typ ica l of the p r i n t i ng capab i l i t y . 













Figure 67. Typical Typed Output 
completely repeatable. The var iat ions are due to several fac to rs , 
inc luding f r i c t i o n effect,mechanical to lerance, and small var iat ions 
in t iming pulses. An addi t ional factor which has not been discussed 
before was that of overshoot in the pos i t ion ing mechanism. No provision 
was made in the s imp l i f i ed design procedure to account fo r rebound or 
overshoot in th is subsystem, and overshoot was encountered in two ways. 
There was some overshoot in the binary actuator i t s e l f . For example, 
i f the low-order b i t was pressurized, i t moved forward pushing the 
high-order piston in f r on t , when the low-order piston h i t i t s s top, 
the high-order piston was restrained only by the action of the spring 
communicated by the f l e x i b l e cord. The high-order piston had a ten-
dency to continue moving which pul led the type-head beyond i t s intended 
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pos i t ion . Another cont r ibut ing factor was overshoot of the type head, 
i t s shaft and cord-pul ley. Again, due to the cord connection, i t was 
possible for the ro ta t iona l i ne r t i a of the type head assembly to con-
tinue past i t s intended pos i t ion . The remedy taken for th is overshoot 
problem was to introduce a small amount of coulomb f r i c t i o n on the cord 
betvseen the type head and the spring. As can be seen from the typed 
characters, th is did not completely a l lev ia te the problem, but i t 
helped considerably. This added f r i c t i o n did tend to increase the 
actuator response t ime, but the e f fec t was not severe as can be seen 
from Figure 66. 
Summary 
A demonstration model designed on the basis of the mathematical 
models and computational methods of the previous chapters, and inc lud-
ing the mechanisms exemplif ied by those computations was constructed. 
The type qua l i t y achieved was legib le but not of commercial qua l i t y . 
The typing speed capabi l i ty was approximately e ight characters per 
second, compared to the predicted ten per second. This discrepancy 
was largely due to the p r i n t i ng subsystem performance which would have 
been improved by changing the t iming of the control pressure pulse and 
the mechanical l ink between the piston and the yoke. Changes in the 
mechanical parameters from those predicted in order to achieve th is 
performance were an increase in the binary actuator piston diameter, 
a reduction in the p r i n t return spring constant, and addit ion of a 
small amount of f r i c t i o n to the type head posi t ion ing cable. 
The f l u i d i c portions of the model operated s a t i s f a c t o r i l y from 
standpoint of correct logical operations and proper t iming sequence. 
Pressure pulses to the actuators had very fas t r ise times due to the 
low impedance diaphragm ampl i f ie rs , as predicted by the mathematical 
modeling. 
The demonstrator showed, in general, that a f l u i d i c typewri ter 
could be constructed and have performance comparable to ex is t ing type 
w r i t e r s , and that the means used in previous chapters to arr ive at an 
approximate design fo r a given performance c r i t e r i on are useful i f 
the i r l im i ta t ions are kept in mind. 
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CHAPTER X 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Keeping in mind that the resul ts of th is invest igat ion re f l ec t 
the design c r i t e r i a of minimum power consumption and maximum speed, as 
well as the basic mechanical configurations considered, some conclu-
sions which bear on the f e a s i b i l i t y of a f l u i d i c typewri ter and i t s 
overal l design fo l low: 
1 . Diaphragm ampl i f iers used to drive the mechanical actuators 
reduce power consumption of the actuator - ampl i f ie r combi-
nation by an order of magnitude, and should be used instead 
of Coanda ampl i f ie rs . 
2. Sequencing and control on a synchronous basis wi th RC time 
constants best sa t i s f i es the c r i t e r i a and requires 26 
Coanda ampl i f ie rs . 
3. Time response of the Coanda ampl i f iers does not a f fec t per-
formance below approximately 30 characters per second. 
4. Assuming four - input ampl i f iers are ava i lab le , 110 Coanda 
ampl i f iers are required fo r a complete typewri ter i f s t a t i on -
ary keys are incorporated. 
5. The 49 ampl i f iers used fo r stat ionary keys have a high re la -
t i ve power consumption, especial ly at low design typing 
speeds* 
6. Coanda ampl i f iers should be operated at minimum Reynolds 
numbers and low aspect r a t i o . The range from d = 0.001 inch 
to d = 0.035 inch covers ampl i f iers which would be of i n te r -
est for the typewr i ter . These are feasible and, with i n t e -
grated c i r c u i t construct ion, present no problems from size 
or weight standpoints. 
7. Ampl i f ie r supply pressure should be as high as possible to 
reduce actuator s izes, even though there is a s l i gh t increase 
in overal l power consumption with increasing pressure at low 
typing speeds (15 cps). 
8. The largest port ion of the energy required for a p r i n t cycle 
goes to the f l u i d i c s at low speeds and to the posi t ion ing 
actuators at high speeds. Pr in t ing energy is r e l a t i ve l y low 
at a l l speeds. 
9. Actuator piston sizes in the range of one inch or less can 
be achieved fo r Ps = 3 ps ig . This presents l i t t l e problem in 
terms of typewri ter size or weight. 
10. A ro ta ry , s l i d i ng vane, pos i t ive displacement compressor is 
the best choice for the power supply. 
11. The high in te rmi t tan t flow requirements for high speeds 
(30 cps) resu l t in compressor power consumption of approxi-
mately one-th i rd horsepower. At 10 cps, the power is only 
0.03 horsepower. 
12. Based on power requirements, compressor size and actuator 
s izes , an upper l i m i t on speed capabi l i ty seems to be about 
30 characters per second. 
13. The p r i n t actuator should be part of the carriage assembly. 
Posit ion actuators might also be part of the carriage for 
low speed designs. 
14. A f l u i d i c typewri ter with the general design features des-
cribed in previous chapters is feas ib le , and could be 
comparable to avai lable commercial machines in s i ze , weight 
and performance. Considerable development beyond that of 
th is invest igat ion would be required to achieve commercial 
performance. 
kecommendations 
Aside from general development of the f l u i d i c typewri ter towards 
commercial ization, there are several areas in which fu r ther study could 
be made to provide useful theoret ica l background. 
1 . The t ransient motion of a piston moving in a cyl inder and 
driven by a compressible f l u i d supplied through a t rans-
mission l i n e . This would help improve high speed actuator 
design. 
2. The problem in 1. could be extended to cover the binary 
actuator by including mul t ip le pistons and inputs. 
3. A basic l im i t a t i on of f l u i d i c s in the type appl icat ion 
studied here was the pressure recovery of Coanda ampl i f ie rs . 
Sarpkaya [42] has described high pressure recovery amp l i f i e rs , 
and the i r app l i cab i l i t y should be considered. 
4. The diaphragm ampl i f iers have advantages so long as the 
diaphragms are not damaged by high pressure. High pressure 
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DERIVATION OF EQUATION (21) 
Note that Equations (6) and (18) give 
W = pm C\m T~T (171) 
Substituting (20) and (171) into (14) gives 
e(T)- '•I^r 
('"£] 
2 \O.S 3/n 
" w I 
.YRr\ -&n 
4RZ 
Then, from Equation (19) and (20) 
(172) 
/ ? " = =
 4 w(r-l)* 
TTZY£T:L 
(173) 
Suost i tu t ing in to Equation (172) gives 
e(T) = 




16 w2 (T-/Y 







The de f in i t i ons of Equations (22) and (23) are d i rec t l y from Equation 
(174), and resu l t in Equation (21). 
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APPENDIX B 
DERIVATION OF EQUATION (90) 
The solution to Equation (4) at t = T is 
XIT) = -&*£-{!-
i / - P*A ) 4-q* km) 
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o . W(T-I) 
* TTR* 
as in Equation (90) 
I f the f i r s t term on the r i gh t is factored to 
4Bos(T-i)lS BosRT(T-iy 
• O S 
' - i.S JJ--0.* mO.* 
and B is replaced by Equation (90) in the r i gh t f ac to r , the resu l t ing 
Equation can be wr i t ten as Equation (91). 
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APPENDIX C 
DERIVATION OF MOMENT OF INERTIA OF TYPE MEAD 
A-
I f the ends of the cyl inder are neglected, 
I 'A A = \/>
zdM 
= ff(y* + r*sin*0)1mtRdedy 
r27T 
= 2^mrat (y* + r*sin*S) dydB 
Jo 
T _ -rrlmn, t£e + ^mrr£n?t 
±AA ~ 6 
where *V is the density. 
The mass of the cyl inder is given by 
mc = BrrrG t-im£, 
Thus 
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